


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1999 


Factors affecting the strength and toughness 
of ultra-low carbon steel weld metal 


Van Slyke, Jonathon J. 


Monterey, California. Naval Postgraduate School 
http://ndl.handle.net/10945/8389 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ia) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 





= ele DR a Se or een Oe” Shad Cees ae ee ee ee ee CS One ee eee Oe ee me es ig) Cen’ 
=fae " futar ar bebe Ba FeF FUP, OVE SE DTOE BLE "PV AP ears etave bier we geren-iFeye 6 FA 
saa Se pn ROT ty # UM. 8 Owe, ¢ arr’ hs Ae ee eo i) een ee {Or te eee 






eee oe TT SN OMe pM e Qierle NO 
FOAM ET Me FIED ya) hg Pata he ed 
. em PP ret 0d Be le ere 


3 Aa'da's Oy OEP es rele wMe Fb gl. Fuprte le fade 
vglnhguavanasse Cesah oisabes ear eeene poet esa foo oe APO Ed nd gsA pe 


& Pete esterase? 
o fee Fy ee Nay 4 
af ae © Mpa 










































PT AV EE Ly Otte Folge e fe ea 
- . anton Falta te ns | be Ga AD ie) 
jee omen 15 v8 Se DA® Fa #7 qe. Feet PUR s TPT SO Fe AN Peat? Hine? a ‘ Wah A ohebeasn, Me tere Bye, 

V merited & Nbr perk dhs ee Obert) oh al A Ee PTT et eee r ¢ hu raverd ved 1 Pa kent etneden Renee: pete wie ed, SeaMia gy  eedl 2 mr tee ANN a Sevan t 8 ESD EWR 5 ATES OEE AT Co A090 ah A Meglberrs Wp pte dee 
= . ¢ =" HLT. Op ee?e, ben aul erste ae! ea © SL0™ OS ed 0 4 * due. af. face ee, +P ¢ " heres A tet ae = Ge we fos giv ‘Yee Sty ten ON ed adh onady “ge, tt ANOS a orem SON BURT oP atten Ma! rari ett y § #e Sines = 
Bechet pple orlrles - ./ coiaheraii a Mele ah ue rail eieshely Unf aay ts Pde bri tod pel PF ae ats peed AWE BOM AVGG8" MLAS Ce BANTER aA) Herd EYE. 8 Out cavelethees sen ¢ (Ee Yl rier toay ete pt “vee sbgevey enn . We BOS Wot te Fas te nai.) Lai ddebnied Laer Tres Ssys sen gertiantee a mame PANS woe See 
nce A ofa Ne cad aber yap ipa sar elle he peer finer Spee hte ae eevde ty FES Gm FEEE EET PG 6. tan Ftd WOH Aaiiacentolie” © hele hae eee ek tere *aeepy fey" ei Peta coos > € : ee ROL AL 010s marti aren gin edt FADES Reco teat re Sum aan yranet AP NAP 
Prades ta teeta eeatndh hth len eda bait hme a aie it cir aoc wasane soem HIRED: wt POM wae Gh nTU eae DIE Eyal Folie & pre, Oe IEP HE 6 Be 9 eeh WISH SOD A ate | ferns tite. 7 ff pore SE AS Veet y Fafa TRUE ARQ ge 54 . WAT WUT ode en, age ap YE PMI N pb yee OSs OPIS AULA, 4 heey REDE. AFA ee BER NON OS ep ohbaees 
cipcnie Hndahethn tihicietie-tenpldee eat ht te oe trad ab-aod ate) Sei taste Pog do autres Pt O oahsl =~ ols wet LOPE TG ICO FEINE HT ONO OK Ade” Oy Petn Gane A Pam POPP Nays 5 FOL giant Weta # Meese . Fheue Pay Boer oF NN Quevce ‘ ea tar tlt hiatal Lee Paes D 
oR ApS oe a ba edaplena thad rape Fby Lele eg pear CFaey Vo! OFS epee hs Oe ARLE FUIVS” Matin HIRE UTS TLE SwRy Oct nee tn Pet : sda ie poets that ate ee cues és eNePuiNore oiees 
pital mee ill 9 ts AD wheal Keo To tePetat be eral adeh Ae hal Coleen ately ioe C0 PvEd way AFLP SE LAs oth Fuge DP Sian erat beter tate ate edktet ied Piabe lets eT 
ano te Letina be pre! poral San one prefer fpsh aEich ANY jot day lf Ader FOP 8 WOM Ae HITTIN Ad IRD Tet OW 8 Tar time OOS PERI CLINE ER in 2 
{ aout aN‘ 2 


wee wes e huey oe eel? Lies Tt mid) . 
Po Pe Ol tele Bad GPS Se Pooh? . GUE 2B, BaP MEMO AEA. EE La FOU wd Penh G06 fe PRS OF Reem 


FB a PE DY Be es Meh Fs POP ele Fem and 6 OF Gav ies Faenper ok? dete oy 





SPEDE AA iret emt ° ot 7 
avrgawe dels “saat zone Peel LG Nias ma te oF wham $66 Pyacey aD renee eee ah: 






























P Seb NTE NY bey hes re AE, 
, NSPE PONS AL AE TAME NGI Se Boe ahalig Shek Abst ge aa e be yee webaeel 2 Sa Wa Pa ay ‘3 
= f © NENFRP UA He VeRO o ares ree es et hevy WORM e ey 10) #2 Naver beaut robed tagt ee mali See Ete RILS ar Anerees Biman Nery eet 
we ett 8 & Peeters 8 Bate SOF HS, ERE! SE he DS Reb VEDA Prattos . we hy dee ge eral SOC VES Ae WUE AY Pe Tyr 
4 4 PAF: Per woet yey amin A Liadalitel tLe ew beta ta) ay ore OSI ES ae MF GLE BONGO, Gt gO hag Zs ReyeVs C6 Ey salad i oats e Caer CPE TERE ete Me. lary ie lege 
f : - rts haat it to et tee. ety he FOr PE ALG- Pan? OOLHY aC EET LOT Ee= 6 eM Fede mamty ae eg Ig: © fob eteye pm vev Fate Of fe . MRS ONDE WAR Sh Hse) 16 oe tO ee Et egs eF ve” SED TRO ES Rae 9 Ene AN pe ar OH ON Sart oteh ees : :. Aedes bere teed Saleh einatanas ns iaeae 
nataiibvabeera any ts eines etd abel at te tad pee een cirecrene aus sw og AF at aE ip Sok One wee TOEE vy 942 Fale Kew VER sw eee Nenee noe: he gue ae Fey eens Conon Cath I OF han war, BAM OMe FIG Oe Phage eK nge een tea Ee We Wage SPA SNARES uy Mad Mad we My Aly 2 Fah wnvice wetctee ONE tar el ge ete MOH i 
“a sev taresevursan eae, Re Aerernes ited Soret oe SEEN EeIhs PE eT me my e.aB ty mace eid Lo oti “ase FINES Suen To abies page lat IT OTE ENP BENT AS, PeeyEark. om gts JSF eer Slys et 8 ned wie! obis Or wat Sean PEON he 4 Mee caret veg thy Pav ce Setee ge ey Fred Hee ds 5 PASTA V 9g. 5 Yee wens WE Ae Motes 
Tithe iiedepiga ag Loan octeciechttoenh at biter Meath-ah tad reece ANA ee brow, ‘J Fete Pet eee ei AION A HUER LS AUTOS eu IN Gwe ate Bk LE ate Cot ESF Ve eb ee Fp PRP PAR gag oh W899 W=0f +e tors teve ends hanuites Meche os ena: seanhl fs Hongige ne pee MAT eee Ee Ab etree : RM Adare 
senate pgp eo ang Repo saga ik Pes pee aise ofr ate g t= veg beep slr O67 2C SUEY EY Uy Onviatark -=30y MALI AL =e bua yhe FERDE! “eile! M Lay ENC! gale OF Ow Mek et rae ee 88 Oy 8A ee Pan CNG oan Dee funy: gk om, Herat Veares SN erway: phate \e- Aayarhave mah 
bet pecteleren 1 se ee raph perl Hiren wb RT IN Pee Oye Ma Teh whe on OF? LEVI OH OED OO MOK Hy oy iN PONEF, cee tet et- Prvueg gece Wace einangyinagto K a [NSS 8 se se ssevyrba nar Stan C8 8 F'HOM ets bgt Bye 
PRIA er hrtapaappepe tas clare ares ele ake nbn se en WreF 14 “Fauersterte weMaretwae © amp te OV beth & ‘erer oad nds 0c 79 008 OF gee Mee ve Bb Rime re: ‘ 
ot lied =. 









at i A ae a ae eS 
916 Fanseee mm Fie TAA te, 88 8 yma erweRYy. 





- _ 7 aay etre ree ee MNF aGe Fesee ST Opt PME oye ok oem galy 
moves Sctute 200. "-afr Rate Foie t tae 9 Po he Pa Fatty 420 T oer egies pointe Nyce rt rnlere eee 2 oo8 B eiintad dod Bul. ¥en MAM V.ge, Fees IME Ee see C1 ENDO EL MF nTVds SH as 0.2 
. Sareea Eee = ore eae ined apatite depres aaah pe Sacer G6 Rte batn SICA snot O ufec ew o egcare MV eran reds eae lore gay Ty Me aFeP “0 s-0-UN STA wos on sye'es MOTEL te Uae ie aber haere pe 
Seen tert opal agai rep ocak oe aoe bt oF CHa AOFM LEKI ERA oe L ITN” BLOT shee MIRO ORE OF ELADETNY Fae EES he a wha e 
4 iho egos ares ot wow Sele aah 9 Red once VADEG OTs Fas WE a Fedora wo OEPIE Thy de ahem ey Coes 
Fm 


2 EY Od VRDT FETS NVeug OPE Saude Avene apr a Sahay Nites o923 saree 

R regen ws Weigle: Sry w AS Sten LP8 Da C tye  erkgee 5 rt Et Sy 

oe eta Ahad hme le. HP FO Landy ge pe 5 Je SI Leeen aay ae Writ bi plea tat anerpcba tire ste eevee Smee Nati ha cee wesscian anata tah nee rear ganene era 

Cue oe es F OOhM eee) « aE eee See OF hls WR wernt BAEUTS ceM nash) use “Vato ce phe Mma wgieiet hy en DT srary al DTS hg bacae’ ey ae td £292 ALT be, ' Lethe wt. meet ut, an Ke aeetae AS, 
awe oe fae A9ea qe om + gtdew AIL Fe eee 6G a= 2 " Wormeratce gy cave AM ONT ELE 8 TENS Meroe mengt am Mbt plete, Se goraect =a pert ion euere watt : 

/ Slew. Pays guarat y= = UginL J preteen oe ivi Lat on tecbalin Tals taal CT Lh ra ae ar een EPC REE APR IG ar ent Jag lon « We, MeVenvngs eine Getig taste, 48a Tiw > Ov wah Pw 

begs ra coca, Sredi bleed tel tee eg Nome Lat PFT dite ET ee Se RNs Mami erseraeigecp saben PARTE Eee i viens stati oee aloe ee 

wie heat NGL AEE OMEN pal mnt Ret MaLbLihiat bates So SRC e ear eee Ne aS IO LOWS sa Toncoate andy Reeierieapcernepoieete 

a Crieargeeette Soe ee eet NEE A ORD OTE vee ven Cages eateries Sets" SOath 

ui eNegee hd gil bien ees Pail t.ag? a8 ah : FE h wie" 

FO alin we P Ba Sen eaneredee wing cee aaewoear Bete roth bien ected 











3 SE EU Re a Tete gy eufwe ob or eue 
panty = oF FUCAE EN CPE HY On. ve eR MOEE BAR © 10S oe O54! 2) ON aah GENES Does“ OReR iE On G.ouere « . 
~ Lamu ay antipaeti dant Ln drpendtagrs Bp ae da op io pi pay el LA Pl PRQrOe oF Geren ie. w hak F.0 ees mF" VOW D™ EU pled de «pba fiael Perbry de BAP ONeEt-ver Goem 
Scape ort Sills Apt rye ete Le he pen Sa wd BE 9 PVA des Bert wp KL MAND T-UBM rs Oe WEA GOINES SPFa! © =F 4" hone) she iad © Boks Pree pa Ftp “whe et gees Fbeee 1 MiSs 

—_ tes 2 Bim Pn Oy 1 OFM e sin Hoa Bt Oe bk ed ee eT ee ats Ce ee ee eye orn Cet ME ON BIS EAR. Meg OEE ude ths Fyre se 
Rehr al lt ep ented flr ey ree A ep hel dl a PBs Oy ah unt baa p Pet FM ROTATE 6, 08 Cum ead Pi agINVINEOE TMD Zt CoEye ee mPato eee Petunia 
SRS o ad py fee Rete meade Apt ters irc eho agt eta Rtg fae F. EVO NS Be eePey oo eM F Pony Oleh tye! 

32 Meat is 








OE. 8%., Po OD oe ef * da*te.*04~ 








4 D cd Fou, Peer "ae 

eyes ebecatee 3954) Se mtye® ge oti "G® o& Puri tee. 1am tenes 
wprde TF et RWC Mey wet. Me we Ba we Me Siayete as * 
on Vveglag werr V3@yl* a te FT“ empee ¢ ey 


see enet Siebel al "ATR MO dee NSW MR st geye Ke aor? 
tye + 









wE pe DIN TIM ORL) On Oe, Bae de hee Pit eet, a ee) S Erste 54% Dy 
Ee Ri Veer sag ands & Oe ah oe. tape bbdholeh bhtd Uh theta 





FL be! _ PUR ye ott, FOR eat A PLY HER neat ME MER” iad imel® SOAP ate Peet A Aeon Qe CREPE T any Bh ea Farha y ASE mM 40 F: 
° = - 



















: 4 = : AO8 Fa Re dk 0 EN, Dig Mw wh per = 
MS ERIEN ER Te PR whee Lb8, ’ » : baie for 
=» a oped ell Saal a alld ON wal DPI be ar eet Hyp nibh paestettaee teen ee pret fhenptrearelrelaieten aPvanwe pete 
ede Con hada pats bib edd Le me pelt et ma ee faa wre GeORT AT EVM NFL 5 eames avell eRe ck Forge BINT e Od FEV ona 8 aed MOP SHINE T ESR WHET at bMie UREA E Re Aria a0 oe 2a Oe sip arabea Tres Aer eh 
€ sey Oo F9G 2D 9% ‘t rs SOA HEL VEO VENTER APD + ban ATES DUNE ees etre ety ump OWE Sen ace ALN IC CENA) 70 ES My na ie Oe Habre Dyiacianh-ded ethers 
=, — ebdhd duck de tel th abide the) hal Col, SSBu'b Stew *uettregs ebttgeen + eke PLA wee eas: PYLANe OFF ittgag mre ho™ Mae eele BOW NO UE a Eta dimgs Lin ote aye PRAT A A, Aste 
: Snes ane ae ceonecomnicm coerce L ceppcaer oubiecarae homme omttetiiis Tuite on se oreree +." ve : i UC VIAPESE engi een toa tas many 
See et, ecenetene Lele ded indinaine bp hte Lad: shettcealith oid Lath nt teat Lae Ln ee TT Lerten tee ees OA PS Ge ae R EE Fy Bieta or Oy ously A, yreevetr gn 
Teme re a- = 


2 WA whe SA. CeaMuttygd, by ied 

SNF Neg Sah BS Se al Ogg DS 9D mR Sete% 5 ERs WIVES ates Rca 
NF es eet rel Ng ne At : engarhite ey 

pte heal in daitheminal aechhtheldsactaicetrdiensel aha th Ml an deh heetdelinemt cha bh bit aadhihe rida Uatbteal lL er arte Lee ey BHOLD EA 21M o amet oO OM Pee ee § mae. 

- A 





. erable del een hae lion ake ae 

We eth ™ * “ . ’ se was 
O° REN yO. Nags Wawa MOO AP ee wattan Eve hoae hee Seedy Ata ef, SOs Ps CES tae ee Loi bed FO 1 A aR 1 wh a a US Tare 2 Nay m des 

orem Gl. Sader, bf gets a. ar enze ueceey nce FO FT L> Ne Wray rhs ~ ati a 

BE aetet Oy Peery ee a uO 8 OF Sore Sw ae LEDER ye 1D peed ag ne tame aE Pee 3 

ee eee tt Se fe Heat aE Lees Fee eRe ett phe TGP AOE of gh, Meee Fate te WV E ert oF ef eM 9b 8 1s Play MAE ae rns 2 HG aF8) alerare MAS tal ET ey Fe 23° mawrens®y » *"omgpe- we £6) mane 

ie paar By b cel emailed lek sald tad eh don eed oe lees Ad head eh Lath anid ach et ed aw?” ome, tt 

wth ee Ay 3 







aT OS Oye Yt Fy ROS wel oes Chee RA Pan Gob, HIM 












Ou adeee Sep LL DW re ts An," Valor 8S hy ether 











c Peet Rsk, — eh ow ta 
i cs 3 
oleae nicht PORES SSRN ELL Reet enna page bt iene rheactbn ee cemitegse eeageats Neuoreln tag nen tesa ee Mong aRae 
re eee ey om AUER OEP AT a tel PML Es. wobys SOM Cem et EWS Re) She bree pA rye &e FeSO a Neb Mt at Meg Negagteage PAE ged bce Phe ra “eben Bye ™. So tern tas 
ao Sogres me outm dy Ase = prtes akg A985 ye C“eAE owes speed, On Rte Mein othe Pe. MY OANA M EE I VD arage ea AG ey mt aeet 
aay Pate eel. tere: c Ne pub tPabdtiddd- disnt whl eg hf eek Ebb ehh ta gh Ll bet, Gh ee ke LL TT SAB DR AGE, = OEM OEY Fgae nade 8 nate gt ay a - 
Rar mv nee EF » eee eg ona na cincae ne (ors sp EE Da Gone rag ty Api lok ate 90 Ppnkt yen eae we pes Pras Owes Fed 3G ee Le oF idan Patou « NOE, ef wee t9Pee Og 
BEE. cemimahtiere= “Caplasrte "=. aaa annem ne ota gine oa Fa tertn tg 8 SE: AEE ate Oa Paro We whe eG Ae OT =. eutenaty edule be ok. et 

eS = 





math A ene Po 
Er ed 
ae SLOPE wee at we Cal at Ps oF Me BOT R alt gto Ol. Fee NNO Fy ey 290 al GD PA GCREP AT, (PRE ITY Ty POL MP gOR pS sem A. 90 Gc oe 


pie Pate Ei Ee a Petal ale By amt eet de Paty Tot nel. 0. 2 HF edye et wh ee ee eo el ee ee Fate Poles 





Mal Lake Sc ar 

CVO 207 Teh ass mh wate ae G. «Sele ee cap) Oy 
SxS tag & Wate Permtedyri”¢ 

“WOO a oe ted whi id hn Pe te eo ky Te 





ews? MrDrey < thetee? Werettees. 


















SV Deal e Oyhgh het AON Ba eee Me Be bedi ksh oe ee: Re8, _ 
5 . 34 1B. IN ftw lores Monet as TTS MA UGTA. AMAL Uae ag teh IEMs eT AM eee ACES Be oS TRE a tieee lion ty OCs Seng Ss jae; Saget aaah 
ate ea re Veen Feeay pans An Ff meray senong ee 4 Nt is fda gimeipe sca tic Beha toatl tah iechosa & ON BS ye BA GY Ua bec to ap eaten VENI Nin eA ehevato-k enue, Pp as isd 
ten, awe eee Wnt. OM OE FEN e ON rh We TENE OE Fhe Pe OS ENG MATT te toih wy pS » BOE WL FIR. boetay Stele “Pes anemone OY CeCe Brea hdiieate tn ht ee 
Soe baton Gen Fea AP” OPA halle hit Bond Sotet nie ae Se LB Tt a Pat Lag Ce eee Te RT! UMten Pav euraevoonts Bele “eh pnge we Gated Byres case tgtars cet gn dp platiande iro Lata tate Piotr Ty tate Perr ee rae FAN NIGNE Pyrenean NeT COD Uberes be er eP bark teats St Uede Sotreg 
. ts PRO AEA oR ee 0 LEAT MI LPAI SOE Ba OCS! pV OR OF! Na HEE SPAT YT PGE g. Wanye: he eh Minar Lok Pt ee Tk ot a YT a ST Mee Gh Fre a eteY werhne 4 A Bee REE ea FlOn es arg heies, Ove re toy ad S tt teroin nse rbaar ice ee Mg Ae a Se eee WEN alt we es», 
yore tnds id i S9 tae PP fe kay ? ae". Foot ba Tend tet ted a) ce Lal iets Ee LL) YT oe ey ee eee 02 OY Gem HOYT, 86 Hy Fat. SEMPRE, OT POPFLY FaFVObOS VEC BdEL A Py". IOP ey Pettis = or am elindert-h binlh deed Lak lin a dls hl oe ti tad © Ahoew hier ome Maree sretetaver@: tar wh EE Wy eke OD FEA TT oy UO Fit Sia! 
anita tincath dle readline Lede-Lpall bathe sip Lal dapat pet E806 Otel De ure, OP h: © uot TW ePgm Ot Mee PLE PEE SCO! & PSL Fee Lee pene Ratemet san FaPEe I gee TOR” GA OhE eS ue ae = Ue eet eee A preP ee eS eh aes 
5 Abe plate 0.08 te eae ia target aphar  a) na ag ay ay Sw DAAAT_ 2. Set Oi ebe eek aoe SPE een BELO MH Rowe me aH OF VTP NY My."g BUM Cob Ory VVeTe Pree, AME aes 
fo Tie nem, e 4 > 





429% IN 
wath dapat yada aia eleahettien 4 hd tnd Peeas Z ; 7.0 NF FAG WORSE Hee 4 ePYAMIN ne VETTE AFG AEE AEEY LEONE “IDE OSL me LENO. N08 6 gate tenee 
= Fim pine @. ab een ci ene lib aac areg bb Lele og PT ere poder ee ae ee ee £ Aigs Oy me Pe- y et oe tty fee 
sree Pe, 7 pan tard lath angi iC a Pel het tel te tt nt Thea aad Pete! QF Fes tigen pa* 9% ~ 10 Da PVOT AWA S ION MAR tat. 
— pippmesiatecee gates 0 OP Ow) altel ea Baka ~: Be OC MAadeP.  Bear eee echt dha oe Mees Oe aw oe he OO ee 





Cd Mens of ee Mente HE heg 
ot. ea 9e gr oven ry as 
‘ Shona Fay 





Cla NE LD a tel CP eT OG steghey ov. rks Let wntret 9ogigd @ Chin 
et Ee ee ene SELENE NN ate Chenega tM neste Waele ANUS a6 FST NAA BLE ONS Ny 


t Sarde ieboacre gibi toi on Lethe SEV VP NL EY Wenge geetpe Of ce rOK™ f8 Padres a We igi e! HW Lee Pages, 
MARNE SE MIT aN eve = Fhes pages 



















ise 








FRE Sat ope f°. GOW OEE COB URENG GU CYS ba 


























Ate Cae vicwe a 
wi EP ORs eS es Sarse WALANG omy WERE Ee ee pate SAN RO Qh 08s 99 Sly LAW AT 
: eden yar CNet, ge" EMA teb te Mahe? Leen OAD NG. MAE wingityd cHOwlANUmrateop tel ern seceteqnch rousing eg epee Be Neate genta k ur 
ne BHO cattle Wayenree 4 7% wwed! anf be Kederen " Ses he Ana Peers thy NEY ers erent et NOV aY hee pet abe WAG, Se ORL TN SY oe TVW Nel nda neeues ted pou sBit dee ee eae Soh Ae fale hod 2 NSO Behe seth eoty 
aol Pete ate. a rd Nar, at Pre aatah SPN ot None > af PR abeotan WAM" heey Heeneee, > Oe re Othe ener, siete” om Des SUITE Ch TA MRM ANeegsets) shee’ eed: db AL Sadak ebb k bie ied Pal el 9 ea Pete A ray! 
Se ete need nu een fateh <1 ALS LU es Ml pa eat 7 Spay ela Pe US-Sb0 ts" ¢ Me araes ate AP Poy BOTA EN —tE ERIE Rt ox D : 
if or Eaace ae Se aie ea ie ehepiben daha heart Fel ao: hates oy 1 by Dy Pantene => Yee Heeeae fahen SPST 6 cornet ne oc sibe vince Seah 
=a Se pinay) acete ee (e 5 Anim Cob ul gh Om OMe yes Da ie ots cee oe eee OO6H O FUNG age tor Rey an®* Fy oh yo men el ene ge Ange; tu. NOIR Aone Mra) nee 
poate SAR EMGre read sa VAAL etre oy Rae EOUT ARCs oue bie ee Paty Re Pat a Colt OM Fal ase CONES om hw GPS 


op ends: 
Ce ENO treme $2 929% 09 page tawi gy 


a WRB AVIS oe peerings eT eee 





TUF EPU RAST OK ete Othe hal. omen © 


= te Aa hy a hg, Gs abd 8 
emanate Ady > oe —~ wate. Sake. 

PAM Nie Shite Sg etal Dake ie ek ert eile aaaL LAT tes ena eee Ape 

PRES el aM EE el on QGP AOA CBee NS Fa Me Et HED Pet WAM Oy) BE Not pee Ry ve PLO UE Bee fe Fats 1 ero%ens 8 Lt, af CORD t= Or, 


Phe baLedeich ht th eh dk BT ae nt at? 3 es aor 


PS RAOFENTD agate Leen He ana yt 16 tagite Nee 






















































ri e Arete Pathe TN eRe Lp) lan ns 
to "8 hehe on - Ce a * % Poon bl Pik # 5 
AMM. <A oaee elon omy ACMI Abe sede A Fog hate eee tyes ore a eae rab een 
et died Oat of aT thon To be OTT eee Beh oP eRe May eWay TW Pobeig” Seem gis wiser S298 ¥ wes Ovibetometen ete In og Cee oe palpi Cy tht ENE Mivaitog abd 
: t On ee = 0 ngeted UM rahe AVN TUASIEE de OEE BOLT Metals Meet ged oe bo ET NONE Nhat Met hts he dO eh eng han osaete ae GU Whse woe et hay hee Pee Pe -temdndary tear ee tee ae 
AMON ee he mee fo COD" Lime eee Fe wh hensenreerenns ‘se a9 Pas © a ewre viedo rly ag ce 8 “gegen “Beaee Seal “aye 0g" C8 & 990g? Feet Siw be tet or AR ae oe SPI I NNR 8 SEMAINE ES bo Chee be wl ee tt Ne lw otal aire nat Ren eg ee we Oy Ceca = briocgnaal 
attain eA errs? coe - 5 . Ribas be Oe Seidel ahh elated pl rae he tag ae ata te She ENE ; segs OPe QIU Gan CePA, Cotes 0 ge wht heed 2h eed wae an eg un neene re ED PANY GeO RA IATEE TEATS IG ROE BUTE SNR EN GI ASE LPL eS eM QM Way Besar ceca Mgh oie time b owatonna Sa MER a alee Psat ee 
ens at ror sisln tor al- eaeulioner eae Setanta tee OVP eer Et ONAN OLN Meg h ol ted @ ote ee * Byte noe Ins 9ae nwenrenee ela sor wet eens | eh s TIh Ua enete NH A me LUmatee Nee in? © Cueiee epson eee * LIN TN HV Orde aWae ese VED UWE eg ys SHS rit Fr icdated trace eee itary Pen yee ern cM meats 
~Sixpulnctpte pth nd-rsiharpni-talded o toceatend (badass Page AVE Y WE Cae MEZA Gi WATE RPE OUPota gaye Mensinth ori adura cha « cue tenhatetna @ das ae RAG = AU 0 mee Oe ONT eiecert a thee aE BST Mone SERNA ERI. MOLE ASP ORG Ge  FAVOUM Ty WigontMea® o7eebarcerros atone be alate a Thess EPR One eas lesen 009 MA IR Nem ny ree or pit Bindi taal Rhee ee aetna as 
een Bel Rioiepapebomtedderalcbe: nae sic etyate were iehie wtitenet yar te Neh ORAS VF a Fania FA INT DIET VE ATO Oger eee 1 IT OTs * cet os e* Tins Oh Ree CENT OD 2 AOS Fgh OB syt—e tel iweside WE sceverenege nue ot eTad see VaKe ey lla sbi inst be eee hy er a Wwhate ty tear hyr ey he “eg hs ki dane > 
ra? Pe cat ‘ai bt plea = eer agree ac Ree aran 8a o en ACO Per ignel POM 1 Ome al Ohi t= yh oP O wal seS On.) Be Me fp” Bsewn Me Hire ke “ BREN VR ON ET 86? oe omen “Gh Se ABs AS CUR TVA ash, rT Pragtge Verde 10 ATS oy st eesdees . b 
ete Fo ipetre cuneate Fae er osae oe gar or Petegas Pcplbedsiedbegtt pte gel og cha lbas Matti ae en te ROT arene Tt Tats Bie arcete OS eR tee: ttt deel tte Ld 7 “S43 Ewe - g* td sleet ai a TE, es aA VeRO at Neha BAPEGE Pitge ate Nee Neag SON eee eTES pms, 
Sopa Sag ia Lice = Agta spiel ig Shel oer O44 ee Meek Seren To. ade wee ees edd Polen ume fe! wi genet a OOF e “2 Iaserhot ale 4 ies I el A ee . PVRS peng oe ee® Pate Ses ea ede eh ane 6. me 98 FWD: "CA OS ge am slhe WN waAeste “UND ALE ON EN Ee Sah "ARR rey a : 
ee A eS bee a Ps Fate PEO we ye Gu aPetiau cy - Bro R0GIE” ohyettab ooMbes coe wD ee 4 EO Oy CENT 6 IME TEE: eet, CE OF BOM SNA Ee aes meg : an re nee ncag aT PRVEShaNe Smee LaWOe e Sve Va S- wl Wt An INE og fe ithe LL MES br tat os Te eee PT ve ee ea oe 
coat, di Sta een en hn aie bade ne elt A te ange Led Beber a4“ F 2 Mestastaaaee m SUP meen. Pees CAN gman Hyon 8h ay ee any ’ SN PS METROE SE en py Ai earn te “mete” CONS Seds “SaU Ee HOTA wv Ore PHO PRES BoE SLS OO PP ghar he gaye Dh elht A eee hee! 
eR eats ole moat frp ear yd tae SeebePyaaereIbe, aH she" ae gene PEO AWHS oO oe VG oe Be eae oe ne Nee mn s 4 ae Ae gw ® NG adehel hk tail A LTT eat a rT Prat ne rT Ye ‘ 
ere rant aw md iré ateatectr cnet eee tN? aarehy PA age sare de reese Fe sac ce. Put et eee ta Oruiret ae tof x0 Toe ae NAY ane. PO asathondeleaN nee Oa Sea realy are 
FEE pak fiercest rec rr cheaters I aern, <a. ~~ a tet ouwt: eal, Tole Me oe TOM OTe LM gn Pal SABE LETRO EM Cio aQVE ae awe tury oP oO ewes rete fee 
soe a b/ =! a 





Feat eae V TH aad $e gee 
. . me our Fae e* Peoe WHR Ee PL * ® atrinfots 00 

aD... 9 es wee oF ate een Bs fede ee MMP me Te, eR aM ee Sw a wal thet oe ea" Pore BS PLVE ET Hohe oF 0 s ‘ 

cee a ae ye aa oe et SP Te AE tee Pan San BOLTS, CLOR OD * gd CalVr ee en 
OP a el whe’ - et A 


Meta So ay em hater fo OE oP OG OY LD O-Ring EPPO To MAD BEL. Io oF a bg DF ale a OVP Ree ) Ba Op OL ARNG EAS Ne 
onthe =e = = 






Fat wt eee 


Sarde a" ‘Se Seep fare Mew Tht Sears 
hd co ee Wr ee 


Sat FUE OOP Linas CGO OP Peas bbSe ce 4tet 
AM APmey eaeeyes a hel oP 


CORDS Peme= age atuge%y “isb\s 


Nett tet eee a ewe 8 ange, age righ ues he 
Lo we to tek es Ty 2 ee 


a ei hed ee ee ee Dee eer) ety} Vipen' 





sets pumeagte iw & 





Soh Prat are, Ce tye ft. 












ee 4 oy 
aege 
f° yet re Wwe °.8 @ Sete *a 


Wet he Oe o Pere“ EerKe, Setnre ge 


: PIT ee oee Wo ee ke ere, teem = oe 
et Ld a ee, Eee ek ee IRD AED Eater gren Piven eee oe ee Ho bon cat cnah ai 

A YES es ae Vow 8 Tate THE Stee ie OMe Aa g Ret ORG CH Lee gh entrees yp eagle WebslPS Anti . wreroews Zak 8 6b A wt a can eet . Rh Fn Ottagrs, Rahs Pee: aT A tain Ty fe NH ose, 

¢ Pute® ee P, Cre ben "® UGe SS ee (reer SENHA Re Mal Patse cshe e, Wag © > eh Pwo? Ne have Mes DFS OL OF GbE Ure whe SHSRESECE ope: we Hye feist te Dad tak Cha ASS. SEP Yen, Be ow 
PH 200 mame ARS 7 fee os =O EDI e © Ste wre y ¢ PA te 8 6 eNO Ee ferment oad . 
pat Ae OF eae AE TOTS, Pet Mr gt PG E's Meum ele oe FD” Oy wag har We G08 PROOF Hd yp OeR EE BIOE SRTLMe Weert 0” goF POH y “wr Em"? Ome g.0 ge uf 8 LSE FRM A PREVI tia by wet 

‘eh aMal = 0 Hetty Cee’ Bees tes ras ‘ 
pel -tr —~ Deh eP ok malaBn Orn Regt ial On tal? - ts avon ed et eee te oe Ty 





Cel Fare he 60g) IMM * ae Ve wel OP ow ae 16 Gy. ee EYEE A AEPRD mene On, 
Pat Cate Pale Fae ef tel. oF ee el OOP ey gd) Get Vet Poh ame a ©, - oat er ial, ee ie 2 
a oe ue == =! 


baate aandh _ phere o * ala Ere Cen WO ae oD AAS a wy eM ef oH ee er me 
ati ta ppeacarclair tHe, me rai fa tetera ears Sete™ ¢ Se pir pls eg habe ad th 27>, Pane feta 1S” 
aounn _ Fae Raaape Cars Mgt gee, Se on ae 26% - Pad oT) POPS HAS A OW MELT, 90 Tre, 
- afi Serer pay oAee obo WIK IA om eI we ed ee ee 
ope nig MART At nat ERT LORAINE or RL Cnet eraine Oke meaner tn pas oe 
BA cers Fee h ey hm ered on ele wet 20 rte Te Rn MOD COR Wine <= Merete ON wee ee 
tonne wha ey “at OOD 2 9 Wei ce gh Me “ET ae ey a Fte TNR 2 BE ee, POTN Peliy PRN HOT MF FGI om Ors MP? 











OF Oe HET NES NES Oe nee O° GEO Pe it, wns deoetee 
ee fatiety less HAA oe se ytur ed Fe%ee Dott Varre F Cape te” CO wiyhy eh ae ¥ StF = AEN IWPD eee Mwy ume 8 
Be tee bel Se Fm = tah eit ere ey Oe de Le eee ELD “Bae Ge "yO ie gt &" Pash apeact » Here WL are gePecegtands ref 
ERO “eee FUG. Oe MEETS OUP HF EO hon HEL a0 PO awe ERA POEs * Far uie Me Um MGS) NUuavidans peel ac Mowete 
SoM ET PL Mel S HoO ag AEH eae Oy PE, eeeh on SyeePem wear ehign © ORE OH eT ee £ a "0 "tem tmnt + " Pies 

"& el wForete Fae, a BEL? & Fo ee FeO Foe FFs ert: vr J nag 88 Pet. Tre ee 
ee" wie prewewees ed! Lote A a ye ee en my) - 


ae 
mn Ne’ Daeeatlbad cist daeiephart arash epee, Ce . : 
Paphiridelaneiptbt tibial. Tihl-prak da he ee LT © pte tor OM ae Pe creaphe 
See INNIS Mere reels set caves ev pdanrdeg ee Ps sagt oi bapa lB sdnipger ante taeda id 
SEM 5 Pgh WHOM we benguais hee Sarn Her eee ay i y = 
Pe rhe VeINAD SERN Ts U2 Te eat O90 aed 5 AD teed a eee S 
bea rad Leotat tie Atel Wee SVR AM ye sats Ee Seta oe! baled uit tea 
, Rog ee ae re Te TNE Me AN EMR Ne Line ewido Gots Nees Phe Novatiens ee gk" ate 7 Ee belt 
NSEAERAY 4 BE NOLS VON Det ipiret ~-NatyH, RTE MeO eee, oe Natae shard ecutevepentente ceeatges platessa See EN Re sa alin Sere twtr 







EWA ES dar COdt MY. WTS WE Fete 
@Heay VE) ~ Pete tim § tae ote Rete tes 
we tyiee mee POR eur Sree geo WFE 208d Pag ™ 
Fa 8SO MEPS Oder re | hen e? HNMIEE 



















POMVEVTs Lev estes sage eeeee.b. ost Mee Ae ROR MY aoe 



















oats ! Bhatia Licked ies eee ee 
: boda 00 Ae Bone” 56a aha” DORE BAYS tobe CONINNE He ny < a 3 : 
SASS FEED He STEM E ie we RENAE tt TS REYNE eset Egat ON ERAN tae Webel sy ae ialy HAN 0 he Chula e tepre “Wi aay cbt hess Linat saci Hig alah Aton 
PU peel heat idli dh dg aay Tee WE Mee AME eS AY 5 Nee 840g SNS LAINSE LNT HM g 9M Bev eile be utes sea een hie ere b-bnoed Natelaac capita tanec araes eT pee lie diet aehawen died 
AF Fae ates exgeyd al bath ee Net an rerees = awhe ae BFE TE AH OO OA peu ere at" 8 <0 ON SEO e Mee G & y Pah Vee ge Om Bedale Wi vge Msn ac 'oen: PTO Me ETE He tats “whe aia UW dee hata tis Hee sateen aw b 
b ‘ : ¢ > - ee ; at . a , ea wer ve 3 mages 98 teh ae ath eage es 24s 9 9 even" 4 
= yd onl e a gir P eRe? aKa tt eee iF OP ptt Aare ter 88, Fd a Aye Far Fe wie % "adee ¢ “4 ow Pg Fenws ” i tet Ld tte * 8s thee e x a ¢ ae e 8 
mee =, odes Plot et mire acid ee Kethnes Sirteteeel HOR Typeset satelupae *. SACASOE DAL UES LTLS b tyr 98 ve- 80 HF eP On 89 RY RD Pres eB ee nad Lipthahe VS" War wee « Fete eee ates stenrea gre tye & 
nian jest eee Penn G6 os te eae PiaC es SATE nee nes AP ted Po" PP o Sevee at we CaF F. BVO Elly AEF OEE Beg a, OTLE Pay veut WF OFS eugene tue = on 
a eh a oe) nf ioe 








eb erat ye f VOWUN DES VT OtvT Poe Moai Behe ye Septe wrmS 5 ae hh 
~ “ af =:*, * a FS WP ohn Pe wy =n 4, a: res at He4% Ow PS ne ae Pe Pl . 
ON Fe). eet WEP al ei. Ke oe Fe be OMe sa Need a es an a whet MES? Sengaenyt O.eg hs ¢4e4, see.” 
. - - ‘ 

















































































































£50 REM Dare 19d” SOR Pt Sie oeee , pikes Cater 
4 = ’ Wh AVE ghee CRIM Gee eke SNE NE FE bat Ps ae ie Ug Ries ton tenes, =“ an na Wen re 
ap She UNCLE PRIOR F Neen satsera votes Ute lanes "haga Wanton (86 Fhe PPS Eee mi Wy totenem Memerntoae ae LAO SLOANE Ig Fe ew wg ang OW AAN Se Maresh Pgetiiontendaiekel 
- Ve oi oe SOE re * CR ser ty Za, Powe inh Al A lel Le fe a Snel Ogu GetiePed Rawle, =i ow re AE a eg MG” EE NAPE aA ORER ee a “we —— eas a ie weeps ru ERP af 
2 ow RNR WA 08 Meee Te Cnhge rons Hl LF. Perens wang carer gee free i meseo ww wwe BO WR Verne Lotart RF EN net mye Coe be mete ee ests, ~ FA AEN eee TE etele ORR ty Ata de ied Fred Si tia ot ae I) ee al adel halite aates ee 
Cor Cen me «8 Ee ere EP Be oe REPRE OEE oo NH ow vee ThS ged en al? © ent tN Tb ow “atic art naPatyme tet ellis ie Ds Caos To nT aes eeerE” 98 bate a 8 Paenes 5 oe ftw TS FRe oN cee epee “Ue LNeyeete 8 Oe thetete ey me gel AFL mere o serge Meare ee S Er Sy BERLE IG tes ta to teh ide deeded Mote ae NEMO nsw hansen nage neem, Read ebes Th Resins 
en Fe 2 -ee, gt fH y Bet ee ait, Fn Fat ae ABE EE Cet Pem Ate PREV el AFE enter we! em NERY! EF Aap een My 160 FS SMA F LP Ca navitmel te Bes Mee on . Sit ae? ae S Mer 8 Aste geese ow gt? CONES NN GR Mas STE Bae Fad Bote enen, MOl, Tir PHFD Oe-, Laletinthnded th lins inten Phas Pee ee ete oe Gertie 1 ere SOOO See HN La RE i POY. Sn, Low < VYGIS oan 
aOR Sh Pe B= Meee cictibacb sleet spy cepa ig aie eet pep papal we WP ete omame Fel MWEE Ve AUREL aT mere blO “ET EM MLD RSP Onur EP aiboet cokewee eg ® ¢ semen 2 PUD PRORAY Nreseie cae soot MO EEO erm ehnd NOt Oe “Rents o Fee ee ea RN Stn ce ie's Shedinde iene et aes ee wlohe etal Ce Ee REN S we 
Sp dip th Diet <A leche Iatletcitadind-4 =i Ae. es ae 2 ors ~ Pel aretnd F6y SF Ea teel PNG w= Hn BOP ety ang SIVA Oh Taga -0a-b enn DEF. een e a tee Oy FEE ww 0 a eee “ard © oe 8 PAMRE LOE Bay Se horse gt sees tL de trades el tala ts Se 1 en ta a od nutye’ FRSA VOVEN Keep eMo Fah a Plate Wrthedtnainhisivnbel mech vot haat ee ees Dance lomo Pertdlaedontn 
RE ner Mates SoRedbn. te" 0 bthrtas petit oprah pay Miran inte Pare Vena ot Qe ae Ho ange Pee PureMR MF Blew - Per Wahaus Untro Fravecr ty men tesee © Morne h every « fue beet ate BETA, ce Meek Mm te cree ing IAN ge CEA Nee Ae We SEED A ONL Sate dden “mate aon Se bN bend nee ae Ee ea peace re FeO | 
ef tte Bm 8 ag oe Pet Be . i Fah eta a SPats OO ile — Es 0 O00 ONAN HA OLIFE Lenten OR AT Tew, ccntogyty ailaPoe a er Ce heme 2 ewe rere re cane SOUSED © Weel WMon eyarbeesamy:. (2 earnePte: gaeioe 2 LEE RIN PAVED OANA ASO. ON neti otras ay Vee LeU NY Bee a ROR etm eran eh a 10 Pe Pals ota Rare, SLA Naren line ge 
ap tr ce Pir Cordgrass AeA B Seipdyh Osa sees ete Aree Or Toe se Ck ee ee ee bathed! Ne hers wae w= i" HAP” &, = Fe Pee oe we Sota S* eure SOreseee™ of wrtete Me ay © nae © PETE BNO? Me ThsTe fact “hs! WT, be” * BE DAEs vty ePa¥e Sa aan tent ee Wyatt ome” eines a alin Grdoates 
ee er a Age icp yar Rae he co alba aabaal iad en 06 ONE FO Te Page y ae EWOe as BN cd MO Tea onn yp “be FLOk ender = Bree Pret on Yiu "einsere 6S Title § © Sereadmenstoe gy eee NUE mts 0 tcgEP Cece Obg Wi todcw ge 28d Sen nF ES 8 VA GM Oy hee Tes TmSNED 2k Pyne betel bind eed pee Speaeyes 5 a 
aretetat Mote oe a Pale eet S Prion ey RM OF eo  ASe MIPIM aN Meneame OP MLE So RTA S age “08 MerEGe HA Ste acy he Fea Seene ot gm ae © 4.7 bbs Wek tbe ts Pec) FRE ne BAO RENE eRe 9th eee 2hG8 0 ature 4,” NIT ERS YE tS ee” ed A De WAL Hem lae Fa, os v= WN Dae, ow tigey a eA ting “ Puede Te * Sime 8 a 
Afridi tealint-ngen anes har eepinen: cae 7." rae Fm Re IES, gaty Hepa ee Fad ye Se PET FePOOe I eth rh ay St ad - ew 8 Fesuw Cogn CRS Pere Sd gy 2 4 Bored e. om SICAL EN Peete Fe 80888 eS eOFOPT TL oop? Rms cyte uke ts ME Suet FO nO Le FUE NTR A om et Gy any er el ad SAG N TALIS NE RRR AUR these e yay wre cns: eae ’ Seon. aera gntalsd 
Pnfe 1PNePE wate an w= ane aa beh Mle Rn Swede mcs Tit Ma PGPGRe ee Gar. tne sa pec ale ae CaM eests PE 6 “6 OOF OVeqem ooeg 5 (0 = aceTt ulm see the whoed ee ws Sane Fe Fee Na Folge whee He Fa sige ty Wn cesmereorete Sitdees bi LLM et eins TLE ST Pe See Meee fun he Laney oat De mag eee MSE CE oe i Cnet bendlntitee card 
One © Foe al PEAS oon AP Pepa i Rega a 2 Pye SOPOT EME® Tae UF Oeste cea EN ke BOUL) OS way Rn ak ot ete We eetROUM AMR wwrhet NEeNCmeFiaM et =u eres “SF ChEnm® tues o £¥ tw eney tm - wid SO ares BEG ONES OR EE NGI ghhae segmga TIMES) LAS 8g Meee. ake ieee? vi ie eee ON a Se Cast Nees NNR eee ne eda Opi sea Py) apts ett hts 
PE eee te Ceres vei avin ang ou J Plamod at v8 TeeGate at a PPI Re, meme yer erese ates eo AUS Ad © fe? wre Maw ov Seltete ony wolne FOU wees Davie g*MartQ.e 6.02 cote, Weg Nets BD MM ERR Pig Ge EO este trVE Le gins, Webs oe FOE V I ete"ags MURS LACED mE ey OTe erly er ee ehh eee ein Sah pe mu ca en 
ram TD oto ald spate Aor man Aaneacs Ppl ea ha 8 et gO et eto? oS mace aA PORTA ®” Pane HE Maee - ee WEF mee HN we OF. Oe 8 formes Oe miele? sage satin FAsee WE ae BOING MOET HEN Coe te sh ¢ vnene ee om, To ZOt SSNS EER TD Deer serterety A Meee Oe SEN INTR YS Oe aE TS ORG eI tan Sate Sd Beh) oP hing BRT Sec hs aoe ae faced ngs 
de A creel ia eel cepts Alp ot elgh PF guts aOR =n Ge So) oe oF ree Sem C0 Crente® MgtWa® mm aes BER ole oH AF 1ee CR PRA mS LONE BE yy NF PAAR BF oh NINH Ae bond tence Ohh san hee Pe et Sw ORF OTS we ane ass Peonarreetnewrransaone ACM Stat woe “Spadina Pe oan inter Deaest 
Owe Oe On” p coat ge Am canicePanss Ur Aaba WAR 56 ODO GON a ete Fay ole ee BT anh Gare Cele Wen ate AF Me DUMPED? serrstmove & Me FRA PAS gn gt. tame Smey Se Seen er OPPs 8 CU ot CSL eee eR FR MIND oH TNIOM Ages WE rage ee US ee ee 8 ae ene ae Himes a - rk 
en Settee eta nate" et of er Me alas SGA TG Song UCAN ETE a AIC eT OTT Tas evcaen orcas MAO” wn GS Ee BROS, Woe Cr ee eae ee fo Ole Mae . Ped ne . ww = Faden F a0et es wb eeeeoes dene! ageet © NOS atm we Fe ES oad Nace te tabetecet. te PINS Atay Whe See oer nst ce agi Penpeenilnet We ss patoe! 
Py a oa eae Oh EPO Ae > PBs pdt Om wien ve Fa tat Pee Oh ee Ow ee Hele ot oo. Swe see Ae eat Oay Premente "Fd pb 8h FF ee netey Le case g ae Bi SAWS Fae Yefeg OTT ae ele ot FE Le eRe ISR eV ERA wee "Hevea seaw soran, eae oi ey Bhs Pine bce 
Fn eA 0 as oO we © = at a ee ae Seeatala eeu Uingemteuese Glee s 4 bVinnry Patemenye Aad Ee ue preeme ve Pee You rust ios © Saeed “Ce” Heyes nye eer Pr ddaeed 0 Wee eye Te Sed She kerrages Same F veeesa wae. &, vate We SE ONES ees A Vhe Se tN 9 SRA Oyond, ae ce NRT afin Si 
WP Ne Owe ow 4 pe ean oe Fa rahe ene it ho" PUP? SOP For Ue eM F nee OO Ao, OORT THO Le semthogs RAT © obey we te 8 ee: a0 > wiyb ter Fete ag stow, ae So CA TNCE Pay OrebshTrse® go dhre TIME Ph ate ebePusd ty. 6 Penh a Areredien’ id Vartnk Sun are ne cere, = aaa TA. bbe nen 
St eretey os\ Pu oer & amb ers rp MpPod far ah oF he PE ot ere om o ehh tall, Md ethak VR? 7. IN A we hd OS ad veo seum ey Ie Aaah! VO ewe Cate el MFeeee vere oN Way “pretettruteag hye 06 OS a eAPOY LI" wemeteTste Wate Mabe can et Tes Rie oa 
ote Ae whe hen Wer tn: pallet EI, Mute m ale ty oreab urs ane = OFF OR — AT byetim ea nee © ot "F eere® a oo . : . s@ce 0° nuns * es etme een PF oth re . Pw wae Sage Get AOU OE ATH Oe @ reg tniin, Re Burm WS Met eis $l rece WP a hatomntg . a Sp pilose! A 
li php sa A st aera dock tts Sie anata ede key ae Per a"? Per ww — 8rd. $80 OF 0 ora am Wh Weary = me P ¢ . ms ate iow : a fe ww RN ee CNR Wel foe Pap 6 8 aE cee res, ot TES IRs he Pe 9 Bone We trea inen 5 Im icles 
VA CFO BAY wero Y be We rotee arn. eee con ” have my? =a fie COR s le whet se eg © of mm. e ote Me LU ons, WR ken OL s 7 terry 6 8 ‘ * ate, otyhse 2+ Fb OL«! whee Peer ete Sy Ahmet es Soe Ft Se he eee, Seman Lo tetaads 
erapes “Sul ee = 0 atmet ets by trent teil ee ee Oa i ae ae Nth a had ht A TT Tae oe ea a | er POav Wh OSH Mam: mn enewl seyret 8Oae Hay Nees dum a ts Oe es a MRE RCO ee on LIME wm wee Had F Rincon Es = 
Soa pra be NAN. Sv OY age De eo wy Gar Fare Oe ween? ot ld Oe a at et ee Ce. syree Fee 8 mr Meu 2 #e pet Vets ay OPAL IES RHUL Oe Hog WeiVaran et ge fei 5 Na earere Sh OL ROM teregAnrvey SeNane ts EAT ons ey FT Rew aes Swas Weve : 2 BAB rete ; mh 
1 ote Eee acre ae ee > te Param @ one ba a it tet fled Deal dt Set Tor ls ee ee Lt a i ee ee TAR, ¢ tate Brey eb ena cS ier ee, eM ae eee Pattee fe bs -bcte tet alae ot LE a A ee, te Ve asa, n a 
crete ew etn i 4.9. tate no! ace oleae MI ante ea We tes Beee Me OTR ne M8. Ne Papeete & Nee Onte Motee “et yt reir Tony UNS OA tll rap hed as 9 cette Bee te es Pale reag Sah he re RO Bet re HN Whe" gee ip ce ee 
Cae i ell k heals “RR ar at in Paton ay MOUY pr “avernenty ote atat= oore SOs We "G58 "bh Sate saree wh State tneess the view P P ok: ‘ Fe Se BERET AA See te Ee oe aed a ebrmrrge oe iar ve Sa eihy OS Nei NA ast Gee ES. ours cue eee, 2 eUE Ae Brivis AM een tae 
Se Son EtWhete a oe - aWetad ei pe FP Pam RM eee 8 et Met OF 8 te eee he pepo BP ee Sims SA Vye 6 @ Sana e e~ “wre was ‘ ee he = os 6 . . bb el bd 8 na thamere Rage Ve ork SPAMMER NSE O © F. Se Ny as MS Deka ee ee SNe! Nel etena= qu RR ere a wee Ns ASA ele ete New. 
- >, ene ce teeny ae era any ee aa Mid od Re Pa Mee 8 OLA, . Atm rece te a Pe Sowa: ae rg - ‘3 ase 6 te te Ee te el rn ee pad be i ns hak at eT nee See ne TEENS re SONs Fa Dates hee Re RL eae ona Pee Aig ate) Pe 
mie i gmt come Site eet ees radar ear AT Toa EM, sake WO Hy TOM Seer BaP ey ts tal oe e ¢ 6 2 ORAL tPA Ne tee, Lyte ne KG * hte! BNO = df OOS Ore lead da ee 8 Le INE 0g NESE eee SM hee aw Mee A yen enh, a Rautonee Sp ele 
SUD ela un ashe an ae as = oAGA cat Oe orate eo = 8 satynte 2" OF A eed ata® der om ‘hot % 2 ele “"e& . eee aly . ef > “* - mn ¢ SF MRT TE Lege s Bes =e 3° ~ ited hn ead an Ft ee tat ate Hsiao LUT el Ten we ae * soir Cmpele opliettee 
sat tenlircag cali eee ss “ew. we eerie inn a wet = on at MM age a aeolian. Mor", at Ben are" abe emus ae the Ft ag Pee oe vrs ae w ane EteNits oT eemets =a lk 8 Net “eee ae wh lhe = hea a ites get, 45, 2 Mee sna oe nore O-4 ~ ‘ Bek ibcoee 
so pi clinics aE ae teg fit id He ee A ae ee oscicadieind Seca re mat im © a) see Som B miaace - sete one “eee ry 54 we Y “Ie ewert seca 2 . " « osaser rete os "ae Pak asl daha a ld Tar ato © wre a. aN Ree APP - pofloe eres Seas igs pte ae 
set pais : os 7 = + a ete ea fart ame 3 . we = one alae = a r > . > feat ete Be, et we ON ™ ° . a te ear 2 beth ost oF Mutrnate ard af Ay Wee nt ¢ ~~ Nem WOE et ae* 4 or *, Sahin 1 i 
Bese cn tye iter abe wmoc reece ee Aiken tye 0. Linney Taeee Me eee pe a ST tay ROE NSS aigaetce ¢ AT oT a ccemataty “anes 2 GS Us Sano ee, ME wed aan me Rare Cee scree Sian 
tdci ttelteg 2 laps ry noire ner RE > 6 eee Fi Heron afte Toth SF ote Me Abe Pe ee = oMee 2 etme! Nea SOL Al of ss of} fe oven = te . . = “ee ateto ¥ = Fas Mt vw (8 OF * SU Se AP Oot ot ee ere OPE og oe NG eensta® Oh yi, A oat Sal awe ae ead 
Sa ote we Ste ot pt Se eT Aah “eet Sue A roe Foe ow oe ¢ BaF 7 oe. ~ we a ae ot . Pr, Wr ot Bong Sele A ee © erm tee lw} lie ee ald Mitel aCe ie Ce we em pe ae Spat Sees 
CW ae em Ly Sam = oP aerator ete a Reece ee dinhkmps ees eee ae fas « we eg em Mh se ~ sa-soen » "ee “ eee Poe ee my cae od even FFs ne a pellet ds neta ana er Muhanoie ete on Py aad - one 
eae a ete ei =i cuits an m Suasue. a Save eA B Fed, PY, My enw! Os -e8BO Myuelny a wom OF F wy e st fegee ~e f1e> 8 tee * # ne G1. ees : "“S¢oti wast -* Bre Shed ceo O1FG torte WAL 445 TN Tee rae NI noua gee werd ete ini aioe ¥ Rircs bs * alps 
eRe tet Hr sis.  aabate atin YG CH i Nest eg Oe mci etl tea ae r. Rael re St cee w BN Barats 2 Se WO SERe yet AE are i ane cae oe een eg ned gt Beccarte sas yates: 2 ae . Fe ESS MP S88 288 OWS Fete wan ence Nated erat a ee iad OVD ead pase icon 
a ol al st a Cte mS eee To eet A, vw te ln et sa 2 vrT) wee cd Hee FR wm Ly ¢ ee mew % afee #0 i seagrae soe a8 PMawrwtes o a nT ee ee Tees Pe) ee oT 9 fy Velev a we Se) wien een Aol i salt Raphce ah see 
me PP im ta ee MS Oe we Sab etieabe ae ae Reape © Pee Meter oF One “Wypete eee a!) aoe —& so. ewan = 2 fre - 1eF * a e Owls OR Meee 5 U8 8 te fF teat Ry, a No Garety Sac MPT cae ee Ne ee Sate 
ne tN Re TS leat lye iy ft Oa ee a ie ee ea - Ore ae" = Bh at neh “ws oe wf ate a =ae Pai a ts fe nh oh 8 het WOME Oot hdd td For sm ee ene SAG a acre Is NUR DRE 
www « wee “a wr atere. uM L ‘ ‘ . ae oat Pm MOP Me i TY ¥.¢ .* wate wes oe o4 er 4 . 7? «te ee Ye ioe Se 2 ea~ te atte so re wagtes %e- Ww ate a ee aa - . ~— Te er ee Me Se SO 2h me a Bone on ate ot rs OF 7 Lge ae 
mua - Se wn We ominse?,-Ust= - ha “aot Fe mw ah te EP 8 . vee at hm Se we tee Cd eee 7 1 as : ST weterons. © vom ne aed ace Sul W¥ams otha mgs eee 
NE WP ln © cae & cna “a ghar. one oho wees o* ‘ a ea 2 Fn A ony wi 2 a er on i er rey = = SRS a ey Ne ROW ee tte: at, hie ae - od 
tated ty-dl deo Pe? ete fen & Pen wen eo fw oP \e . ® 2 Bee y 2 ag” eta 6 < - “. 4s a Pears gy o We = nn 2 = a Seal ne ce 
Kt we? ee a4 " » ‘ oe Me ate ty Sted ee J dt So zo . . 7 Few ? . wef - 9 2 8% ee e- ot me ~ wauret “sg oe SNe 6 Owietee down * Sas PIS => se sis 
P= om oe “— rie 2 ji “= Freee Mal tom ORM wre ne yes aw = ” - =e ’ oe as ot atte RE ‘ che, eae so ey 8 ee - Ete se Tete or Soe Le scnlont aces <Jimt on 
ae te - wo é Appl Sern. ee Mi) Tas ' - et a ww, . Fs ean A eee 8 “7 Ae a Fate ft tne Re = ‘ bs ext le 
a ne Sane ee! yw ae pena Pang “et eet : —e- 8 Pe re Sos Ce NF RE eg ALAN gt <a : Reriee-ir Sarg Pas ged Neos Poet 
~ a an kgs ped a BS o> eS Sinan = e* = “ cf SF ume. “ns es “Wb we © Pe er a ee paen Fie 
* oie ee! = ~ We = 8 ous ae) e ’ ue % =. 7 ee Ne peed? a 
oie rere Mo 2 - 4.Pue te ¢ . ho ~. a he | ——— ae ae ao wet ate ein Py ord 
ee ce ee where « ; Bi ae atg-tae 3 5 ow . athe cee : a 720 vd" PRD treme em Ales emcee dorset 
~~. om ome 3 = . “ fr. se e o[U% w Y Stee iE me > rar. 3 
ee eae ae oe ww : eerie "e.g rate . - bs necks etna SACRA ye oi aon Bee ° *’ sie : 
55 Awww ~ oe F oe ‘ Sor tate oo tie eS We Teste 
me fe ute i eed 7 te vues WV we eg 
wt @ « at o Le Ove ° 7 oe wr at > i, 
3 a ees e- nS a 
“= - . 2. “te ee a8 nue “ ie he ee 
ro ¢ «2° o's . - “ay fe mm 99% “ va fe Se eS 
- ws e 14 Po attests) tie eel te PF ley oe ee a a a ete eee PP et Gitte 
.¢ - Se “ ety * ‘nee e088 AIC CI ok a= 47 ™ 8 . : «= ee ee 
e © o- °f ~ meas eee He Lg we Mew -‘“ Fe a ee -* we ot ere ween sg ae ee data 
. ee ay er; Sete “ery o Owes WNaeete (FRE noeee eee cet OL ~w o ns Baia Pa = 
= 5 « wee ~~ = eree * "vt. 8 ee We Aas <= 
a e om Oe e aa 7 SHO 6 Ngt act s wore. owe - Z we . © SPV wee pose Tage ”s x 
, fate o ot . te" : eet ete as oe . . oe wt s @ Lia ehe ere een 
. a werd ’ ue wets 2 «8 Sv oFedss avey Seuss Se wy fF - wate te oe ny 
= e iute ¢ ® aP Ose a hed = Menet a Be ewe ving & wii. @ wawlee) © a re mae 
ne > c - & - Pe Oe me ite BTR Oo we 2% 4 
a xs ia w ? Co > WTR Ne Fete 8 Mey 
2 - e978 ¢ e - \ 
-  fé a. er . 4 vn = 
zy - _ ——~ ee bid ~ ww Pe 
. <a ° ~~ 6 - a zen Mt "ef oe oo ee en 
e eae ait) « <= . 
nm ¢ ov eo ute oy > a eee 
ne we we e PN yarenetn 5, 
She = wee Mow ty 
Santee % to #8 AEN ye Wty io inci 
- re . ‘ i Ed ann tt) aed UR recta hey 
. ° pat ot ele _==! 4 ae ee mie 
ek re : * sare = * ' 
=e eR e . Shee, ¢ 3 = = ehes 3 a 
ae -¢ . aa . ¢# . we He ° a “fe tad oe aie : 
. . . e . @ . ~ 4 «~ » we Ye % 
e = = mute t- “a <= bd] bad . eo g* ° on aes = twee 
ee ae * - s . c .8 . s = © iD gl = rest ate t SE mig) ine mt 
4 ® . * 2 fe e o "#7 .« . a fe ta Ss Lada Fer Le "a Wr ee 
- - a * - r ee - wr te “ ee ee - -_“ = * “_ e, —— 
Lid e ‘ ¢ * - < . o fe ew ~ = =e . . one 
ome | e 8 = . 5 er, Go uate ~ Ree =m “ oa = - . 
a” ws se é - e s « mw se = = ° =e ~~ wh 8, Se le 
e -e e . = bad * e fee . wwe vwete et wer tm, wese2% 
tm e *~ . * e OL ri » = ary = i a - i. ’ « s . a 
= ® cola x 2 * =, - « _ 7 eal, ° we ve =. OS] - . tue . * = a 
ow ° cd - ® Lat ® « * a ® ¢ m) ° > + * ‘ i a o~ «~ - ates « ae > . 
“e * Z . n r] = - . * a ot * - . ary J ° ° o a — 
= om a a, 2 he oe * ~ ea ae ve o%, a] ~ ae A. fan = " —— . we = = =: oa 
» eee - = a ‘a - e . =a -@ *. #e > % om a . a e ~- aries en o 
. * te 7. ' ~ ™ 4 . . ‘ tw" at - - “es . ’ - rs awa g of ow ee 
e ry = AC} = . é . e * wv . * -— we ~~ we = . ow = = ihe. 
es . * «= * =e « . e*® &, 7 om od . ¢ ¢ 8 - = . . i an] ~~ “ey ce ral 
- e % ee . * e =-=* = . e rh 4 ee =* “© . Pe Fe 
oo) ® 7 - ® . . « ey e * 4 a > - - - & « « ww SP tn - 
%s © 9) ’ = a. . P . > es @ « ae = « e et em « x oe i ors ~ 
es e - . . oe . . . ro ‘ - - « > & . 2 vs - ~ s 
-9 . ¢ = e @ ¢ -~ . ¢ Pe aie Pe e . an bd “se “ — * =~ ~ 
. v ¢ . ne e we ee . eee - . ares = e Ss = = “ae 
iY) —. ; “r 4s ee , : ‘ “ ’ “fe . = = . = See a oe 
, ® . . - ¢ * . ~ ® - ute S ” co. a ~~ . - 
- a . e eons _ he Mied « oe ‘ - mm Ae = an = 
a. 8 : 2 are H i . “ : - se . p a el a9 ws 
e 8 . = . fn - - * ¥ - Dar 
- « ° a <5 bl ° Sd ~ . bd . - « . . 
id e ae @ . . bad = « J ow - > 7 ~~ a 
bd *. a « = . ba ¥ bad af - & . - - 
‘ 2 A ee . « . . o ™ a ® . - “ *. ~ 
= ee = . - 2 EF =e ® < ~ 
¢ . . > ee b . > - a“ = 
“5 . om 3 x. . > te _ ee we ‘ 
. Py - . 2 ". - ‘ Sie — a. 
-. . . = . sg “ - 
. a = e = = © - P pe a 
» . i F ieee « 
= bd sf®@ eae 


OUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93003-5101 





v 








NAVAL POSTGRADUATE SCHOOL 
Monterey, California 





THESIS 


FACTORS AFFECTING THE STRENGTH AND 
TOUGHNESS OF ULTRA-LOW CARBON STEEL 
WELD METAL 


by 


Jonathon J. Van Slyke 


December 1999 


| Thesis Advisor: 





Approved for public release; distribution is unlimited. 





—— oe = = a 


REPORT DOCUMENTATION PAGE a ae | 





Public reporting burden for this collection of information is estuumated to average | hour per response, including the time for reviewing instruction, searching existing data 
sources, gathering and maintaining the data needed. and completing and reviewing the collection of information. Send comments regarding this burden estimate or any 

other aspect ou: this collection of mfomiation, meluding suggesautis Tor tedueniy this burden, to Waslitigiot Headquarters Servites, Directorate Tor invormaiion 
Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction | 
Project (0704-0188) Washington DC 20503. | 


1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED 
December 1999 Engineer's Thesis 


4. TITLE AND SUBTITLE: 5. FUNDING NUMBERS 
FACTORS AFFECTING THE STRENGTH AND TOUGHNESS OF 
ULTRA-LOW CARBON STEEL WELD METAL 


6. AUTHOR(S) Van Slyke, Jonathon J. 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING 
Naval Postgraduate School ORGANIZATION 
Monterey, CA 93943-5000 REPORT NUMBER 










9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING 


Naval Surface Warfare Center, Carderock Division, 9500 McArthur AGENCY REPORT NUMBER 
Boulevard, Bethesda, Maryland 20084-5000 


11. SUPPLEMENTARY NOTES 
The views expressed here are those of the author and do not reflect the official policy or position of the 
Department of Defense or the U.S. Government. 


12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE 
Approved for public release; distribution is unlimited. 

13. ABSTRACT The factors that affect strength and toughness of ten ultra-low carbon steel weld samples (HSLA-80 _ 
and HSLA-100), welded using the gas metal arc welding (GMAW) process and new ultra-low carbon consumable | 
electrodes, were studied. The analysis was confined only to the weld metal, and the base metal was not considered. | 
Analysis methods included optical microscopy, scanning electron microscopy, and transmission electron | 
microscopy. Energy dispersive x-ray analysis was performed in the transmission electron microscope to analyze the 
chemical composition of non-metallic inclusions. | 

The microstructure was found to be primanly granular ferrite with some primary ferrite, bainite, and 
martensite. Very little acicular ferrite was found (< 18 %). Because of this, to get the best mechanical properties in | 
the weld, the size and volume fraction of non-metallic inclusions needs to be minimized. This can be accomplished 
by minimizing the amount of oxygen while increasing the amount of titanium and aluminum in the weld metal. | 











EDX analysis revealed that the non-metallic inclusions were multi-phase particles with two predominant | 
phases: a TiO-MnO phase and a MnO-S10,-A1,0; phase. Copper-sulfide caps were also found on the surface of 
some inclusions. This inclusion chemistry is typical of what is found in welding HSLA steel. 









15. NUMBER OF 
PAGES 


14. SUBJECT TERMS 
HSLA-80, HSLA-100, Gas Metal Arc Welding, Ultra-Low Carbon Steel, Non-Metallic 


Inclusions 















95 


16. PRICE CODE 















18.SECURITYCLASSIFICATION 20. LIMITATION 
OF THIS PAGE 


Unclassified 


19. SECURITY CLASSIFICATION 
OF ABSTRACT 
Unclassified 


17.SECURITY CIASSIFICATION 
OF REPORT OF ABSTRACT 
Unclassified ie 


NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. 239-18 298-102 












DUDLEY 
KNOY a 
NAVAL Paste oe VA my, 


ft 
MONTEP re, co : s OF aad Pe m~ 
9 / 4d Be 4 : 


Approved for public release; distribution is unlimited . 


FACTORS AFFECTING THE STRENGTH AND TOUGHNESS OF ULTRA- 
LOW CARBON STEEL WELD METAL 


Jonathon J. Van Slyke 
Lieutenant, United States Navy 
B.S., University of Idaho, 1993 
Submitted in partial fulfillment of the 
requirements for the degree of 
MECHANICAL ENGINEER =v 
from the 


NAVAL POSTGRADUATE SCHOOL 
December 1999 





DUDLEY KNOX LIBRARY 

NAVAL POSTGRADUATE SCHOOL 

MONTEREY CA 92943-5101 
ABSTRACT 


The factors that affect strength and toughness of ten ultra-low carbon steel weld 
samples (HSLA-80 and HSLA-100), welded using the gas metal arc welding (GMAW) 
process and new ultra-low carbon consumable electrodes, were studied. The analysis was 
confined only to the weld metal, and the base metal was not considered. Analysis 
methods included optical microscopy, scanning electron microscopy, and transmission 
electron microscopy. Energy dispersive x-ray analysis was performed in the transmission 
electron microscope to analyze the chemical composition of non-metallic inclusions. 

The microstructure was found to be primarily granular ferrite with some primary 
ferrite, bainite, and martensite. Very little acicular ferrite was found (< 18 %). Because 
of this, to get the best mechanical properties in the weld, the size and volume fraction of 
non-metallic inclusions needs to be minimized. This can be accomplished by minimizing 
the amount of oxygen while increasing the amount of titanium and aluminum in the weld 
metal. 

EDX analysis revealed that the non-metallic inclusions were multi-phase particles 
with two predominant phases: a T10-MnO phase and a MnO-S102-Al,03 phase. Copper- 
sulfide caps were also found on the surface of some inclusions. This inclusion chemistry 


is typical of what is found in welding HSLA steel. 
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I. INTRODUCTION 


High strength steels are the primary structural materials used in building naval 
ships and submarines. HY-80 and HY-100 steel plates (0.13-0.17 wt% carbon) are 
welded together to make up the hulls of these vessels. The main difficulties with using 
these steels are the strict pre-heat and inter-pass temperature controls required to prevent 
hydrogen induced cracking in the weld. [Ref. 1, 4] High strength low alloy (HSLA) 
steels (~0.05 wt% carbon) have recently been developed to reduce the risks of hydrogen 
induced cracking and therefore relax the restrictions for pre-heat and inter-pass 
temperature control. 

Figure 1-1 shows the Graville Diagram [Ref. 2], which graphically predicts the 
“weldability” of a steel based on its carbon content and equivalent carbon content (a 
measure of the hydrogen-cracking sensitivity of a weld [Ref. 1,2]). This figure shows 
that HY-80 and HY-100 both fall into zone III (difficult to weld) but HSLA-80 and 
HSLA-100 both fall into zone I (easy to weld) because of their lower carbon contents. 

In order to take advantage of the weldability of HSLA steels, suitable consumable 
electrodes are required. Until now, the same consumables that have been used to weld 
HY steels are used to weld HSLA steels. This process still requires preheat and interpass 
temperature controls to prevent cracking. The National Center for Excellence in 
Metalworking Technology (NCEMT) is currently working with Naval Sea Systems 


Command to develop and verify advanced welding consumables for use in welding 


HSLA steels without preheat or interpass temperature controls, and for welding HY steels 


with appropriate temperature controls in effect. 
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Figure 1-1: Graville Diagram (Graville, 1978) 


The present study continues to investigate the fundamental characteristics of 
welds produced by gas metal arc welding of HSLA steels. This study is limited only to 
the weld metal and does not include the heat-affected zone of the base metal. The goal is 
to understand how the weld characteristics affect the microstructure, and how the 
microstructure affects the strength and toughness of the weld. Ten samples were 
produced by NSWC. Of these samples, one contained the entire weld region and some of 
the base metal and the rest were sections of tensile test specimen. The samples had 
varying composition, thickness, and cooling rate. The welds were performed using ultra- 
low carbon consumables (ARCIOON and ARCI1OOR). These samples were analyzed to 
determine their microstructure, and non-metallic inclusion size, volume fraction and 


chemistry. Appendix A shows the characteristics of the weld samples. 
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Il. BACKGROUND 


A. HIGH STRENGTH LOW ALLOY STEELS 


High yield strength steels like HY-80 and HY-100 are quenched and tempered 
steels that obtain most of their strength from solid solution strengthening using carbon as 
the solute (0.12-0.18 wt% [Ref. 3]). High carbon content is deleterious to the toughness 
of the steel since it promotes the formation of a brittle, high carbon martensite phase upon 
rapid cooling from the austenite region (as typically associated with welding). This 
brittle martensite cracks due to thermal stresses, stresses due to constraints, and the 
presence of hydrogen. Current preventative measures include control of preparation, 
storage, and issue of electrodes; preheat and interpass temperatures; heat input; welding 
sequence; weather protection; nondestructive testing; training and qualification of 
welders; and avoidance of highly constrained welds by design. [Ref. 4] 

High strength low alloy steels (HSLA) were developed by the Navy to reduce the 
limitations on welding (preheat and inter-pass temperature control) and therefore the cost 
of welding. HSLA steels have potentially the same or better strength and toughness 
properties as the HY steels, but their reduced carbon content makes them inherently more 
weldable. The first HSLA steel used in fleet construction was HSLA-80. It is derived 
from ASTM-710 grade steel and is a polygonal/acicular ferritic alloy employing 
microalloying and precipitation strengthening. Its low carbon content (0.04-0.08wt%) 


results in good weldability. [Ref. 4] 


HSLA-100 steel was initially developed for applications in submarine non- 
pressure hull structures. It was developed using a fundamental alloy design program, 
taking advantage of fracture process modeling to reduce the ductile-to-brittle transition 
temperature. It also relies on microalloying for solid solution strengthening and on 
copper precipitation strengthening. (Ref. 4] 

HSLA-80 and HSLA-100 rely on manganese, niobium, nickel, and copper for 
strength. Manganese is the best alternative to carbon for improving strength without 
compromising toughness. Balanced additions of manganese have been found to improve 
toughness because of increased proportions of acicular ferrite in combination with a 
general refinement of the microstructure. Niobium is added to form Nb(CN) precipitates, 
which pin prior austenite grain boundaries, which keeps the microstructure fine. 
However, excess precipitation of Nb(CN) in the ferrite can cause a deterioration in 
toughness. Nickel is added as a solid solution strengthening agent while copper is added 
as a precipitation strengthener. Manganese, nickel, and copper also act as austenite 
stabilizers. [Ref. 5] 

Other elements such as aluminum and titanium, that are present in trace amounts 
in the base metal and filler wire, promote the formation of acicular ferrite in the weld 
metal. They are strong oxidizers, which form non-metallic inclusions that are favorable 
nucleation sites for acicular ferrite, and reduce the soluble oxygen content in the weld. 
Boron, which may also be present, segregates to austenite grain boundaries where it 
lowers the grain boundary energy suppressing the formation of primary ferrite. This can 
be represented on a continuous cooling transformation diagram (CCTD) as a shifting of 
the primary ferrite curve to the right, and increasing the region over which acicular and 
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granular ferrite would form (Figure 2-3). Primary ferrite and the CCTD will be discussed 
in more detail later. Excess titanium is also helpful in scavenging free nitrogen in the 
weld, which would form boron-nitride, which does not suppress the formation of 
proeutectoid ferrite. Excess aluminum (>0.025 wt%), on the other hand, has been seen to 


interfere with acicular ferrite formation. [Ref. 5] 


B. GAS METAL ARC WELDING 


Gas metal are welding (GMAW) is the most common method of welding used in 
construction and repair of naval ships and submarines. It has deeper penetration, and a 
higher deposition rate than gas tungsten arc welding (GIAW), and therefore requires 
fewer passes and less time, which translates to lower cost. Submerged arc welding 
(SAW) results in deeper penetration and a higher deposition rate than GMAW, but is 
limited in applications due to gravitational effects on the granular flux, while GMAW can 
be used in virtually all positions and orientations. [Ref. 1] 

"Gas metal arc welding (GMAW) is an electric arc welding process that produces 
coalescence of metals by heating them with an arc established between a continuous filler 
metal (consumable) electrode and the work piece." [Ref. 1] GMAW uses a continuous 
wire feed process where the wire acts as a consumable electrode. A cover gas is blown 
around the arc and weld pool to protect the molten metal from the atmosphere. 
Additional protection from the atmosphere can be attained using filler wires that contain 


a flux core. The flux assists the cover gas in protecting the molten metal from the 


atmosphere. The flux also provides deoxidizers to cleanse the weld metal, provides 
ionizing compounds that stabilize the arc, and provides a means of adding alloying 
elements and/or metal powders (alloying elements control the composition while metal 
powders increase the deposition rate). Figure 2-1 shows a sketch of the GMAW process 
while Figure 2-2 shows a typical multipass GMAW weld cross section. 
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Figure 2-1: Sketch of the gas metal arc welding process. 


The stability of the arc in GMAW 1s greatly affected by the shape of the electrode 
tip and the arc length. Since the electrode is consumable, the electrode tip and arc length 
cannot be optimally maintained. Therefore, a cover gas of 95% Ar and 5% CQ) (C5) 1s 
used by the Navy for welding high strength steels instead of 100% Argon. The CO? acts 
as an arc-stabilizer, but it also results in increased oxygen and carbon contents in the weld 
metal. [Ref. 6] The affect of weld metal oxygen content will be discussed later, along 


with deoxidation. 


Figure 2-2: Multipass gas metal arc weld in HSLA-80 steel (PD 21150) 


There are three types of GMAW processes. These are identified by the method of 
metal transfer used, which can be short-circuiting, globular, or spray. Short-circuiting 
results from physical contact between the filler wire and the weld pool, which results in a 
continuous transfer of metal from the electrode to the weld pool. Globular and spray 
transfer both result in discrete amounts of the filler wire being transferred across the arc 
to the weld pool. The welding current, electrode size, and shielding gas are the major 
factors affecting the type of metal transfer. [Ref 1, 6] 

Direct-current reverse polarity (DCRP) is the most used configuration for 
GMAW because it results in a stable arc, smooth metal transfer, low spatter loss, and 
good weld penetration. This configuration is used with the spray transfer method in steel 
applications. Direct-current straight polarity (DCSP) and alternating current have 
difficulty in maintaining smooth metal transfer and are seldom used, except that DCSP is 


used in conjunction with globular metal transfer in some aluminum applications. [Ref. 1] 
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Ci WELD MICROSTRUCTURE 


The international Welding Society established the classifications of steel weld 


metal microstructures described below. [Ref. 8] 


Figure 2-3 shows a representative 


continuous cooling transformation diagram for HSLA steel, which shows the relative 


cooling rates and transformation temperatures of each of the microstructures. [Ref. 9] 


The final weld metal microstructure depends on complex interactions between the total 


alloying content; the concentration, chemical composition, and size distribution of non- 


metallic inclusions; the solidification microstructure, the prior austenite grain size, and 


the weld thermal cycle. [Ref. 5] 
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Figure 2-3: Representative continuous cooling transformations diagram for HSLA steel. 


1, Primary Ferrite (PF) 


Primary ferrite includes both grain boundary ferrite, PF(G), and intragranular 
polygonal ferrite. This is the initial transformation product as the weld cools from the 
austenite range into the ferrite range. Grain boundary ferrite, also known as 
allotriomorphic ferrite, nucleates at the prior austenite grain boundaries. Polygonal 
ferrite, PF(I), nucleates inside prior austenite grain boundaries. Both form an essentially 
planar interface with the austenite, and the transformation is controlled by the diffusion of 
carbon from the ferrite to the austenite. Both allotriomorphic and polygonal ferrite are 
believed to obey the Kurdjumov-Sachs relationship with the austenite grain(s) into which 
they grow. [Ref. 10] This is believed to be the reason that grain boundary ferrite grows 
preferrentially into one of the grains that they touch while not growing into the other 
grain. Primary ferrite forms at higher temperatures and requires slower cooling rates that 
allow the diffusion of carbon to take place across the planar interface, and this also allows 
carbon to diffuse into the austenite away from the interface. This prevents carbon 
buildup at the planar interface, which would impede its movement and promote other 
mechanisms of transformation from austenite to ferrite. Primary ferrite has been shown 


to lower the toughness of the weld, and is usually undesirable. [Ref. 11] 


7a Acicular Ferrite (AF) 


Acicular ferrite gets its name from its microstructure. "Acicular" means shaped 
and pointed like a needle. It was once thought that acicular ferrite forms tiny non-aligned 
ferrite needles, but current evidence indicates that the microstructure more likely consists 


of thin, non-aligned, lenticular plates of ferrite. [Ref. 9] Acicular ferrite nucleates on 


non-metallic inclusions inside the prior austenite grains, and is therefore intragranular in 
nature. These plates of ferrite, which grow out from the inclusions, form an interlocking, 
basket weave structure. I[t is from this interlocking structure that acicular ferrite obtains 
its toughness. The interlocking plates of ferrite impede crack propagation, thereby 
requiring more energy to allow the propagation to continue. This microstructure 
typically forms at relatively low temperatures, where diffusion is sluggish, and where the 
transformation mechanism tends to be displacive. [Ref. 12] 

Acicular ferrite has additional benefits in multipass welds. When a weld pass is 
laid down on top of previous weld passes, the metal in the previous weld passes near the 
new weld pass will be heated up to a high enough temperature to be reaustenitized. 
When acicular ferrite in these prior weld passes is reaustenitized, fine equiaxed grains 


result that improve both strength and toughness. [Ref. 13] 


3. Ferrite with Second Phases (FS) 


Ferrite with second phases includes those microstructures that have an aligned 
second phase, FS(A), which include Widmanstatten ferrite, FS(SP), bainite, FS(B), upper 
bainite, FS(UB), and lower bainite, FS(LB), and those microstructures that have a non- 
aligned second phase, FS(NA). In the first case, the type of microstructure depends on 
morphology differences discernable in the scanning electron microscope or transmission 
electron microscope, but which is normally not discernable in the optical microscope. 
Widmanstatten ferrite grows when cooling rates are too fast to maintain a planar 
interface. This results in platelike ferrite growing from the grain boundaries, or from 


primary ferrite. Due to the faster cooling rates, carbon cannot diffuse away from the 
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ferrite-austenite interface, and supersaturation occurs on the austenite side. This 
increases the interface energy, which impedes interface motion and the primary ferrite 
essentially stops growing. If a "bump" forms in the interface, as shown in Figure 2-4 
[Ref. 10], a local increase in the carbon concentration gradient increases the local 
velocity of the interface and the bump grows faster than the rest of the interface. Side 
plate ferrite can form faster than primary ferrite because carbon can diffuse away from 
the front of the plate in several directions instead of just one direction. The width of the 
plate does not increase significantly because the sides have high interfacial energy, which 


slows or stops their movement. 





Figure 2-4: a-y interface showing iso-concentration lines in y in front of the growing 
ferrite. 

Bainite forms at lower temperatures and faster cooling rates than side-plate ferrite. 
It consists of fine plates of ferrite, with carbides precipitated either between the plates 
(upper bainite) or inside the plates (lower bainite). This process occurs too rapidly to be 
explained by diffusion alone, and is thus believed to result from a mixture of diffusion 


and shear processes. [Ref. 10] Bainite is hard, due to the fine plates of ferrite, but it 


usually has higher toughness than martensite, and in steel welds where it is difficult to get 
acicular ferrite to nucleate, bainite is desired over primary ferrite or martensite due to its 
strength and toughness, respectively. 

Ferrite with non-aligned second phase is associated with ferrite completely 


surrounding either microphases or laths of acicular ferrite. [Ref. 8] 


4. Ferrite Carbide Aggregate (FC) 


Ferrite carbide aggregate includes ferrite with interphase carbides and pearlite. It 
forms at high temperatures and slow cooling rates than ferrite with secondary phase or 
martensite. It 1s a cooperative growth of cementite and ferrite in a lamellar form, and 
grows out of grain boundary ferrite. Since it is not usually seen in welded steels, due to 


the slow cooling rates required, it will not be discussed in detail. 


5. Martensite (M) 


Martensite is associated with very low transformation temperatures and very fast 
cooling rates. The transformation occurs at temperatures below which the diffusion of 
carbon is significant and is therefore termed a diffusionless transformation. In low 
carbon steels, the transformation occurs from fcc, (austenite) to bct, (martensite), and 
mainly involves a defect structure of needles or laths with a high dislocation density. In 
higher carbon steels, twinning 1s the defect mainly associated with martensite formation, 
not dislocations. [Ref. 14] Martensite is very hard and brittle. It is not desired in welds 


due to its low fracture toughness. 
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6. Non-Metallic Inclusions 


Non-metallic inclusions are formed during the welding process by the interaction 
of oxygen with elements like aluminum, titanium, manganese, and silicon. Sulfides like 
copper sulfide (CuS) and manganese sulfide (MnS) may also form if the sulfur content of 
the weld metal is at or above the soluble limit (~0.003 wt% in steels [Ref. 12]). These 
oxides and sulfides will float to the surface of the molten metal if allowed enough time, 
as in steel plate manufacturing, but usually end up trapped in the weld fusion zone due to 
the rapid cooling rates associated with welding. These inclusions may be involved in two 
mechanisms that affect the strength and toughness of the weld. First, they can be 
nucleation sites for acicular ferrite that improves the toughness of the weld as already 
discussed. Secondly, they can be responsible for the nucleation of cleavage cracks in 
brittle failure, or the nucleation of voids during ductile failure. [Ref. 12] 

Inclusions are classified as exogenous or indigenous depending on their origin. 
Exogenous inclusions arise from welding slag and surface scale entrapment, while 
indigenous inclusions form within the weld as a result of deoxidation or solid state 
precipitation reactions. The latter are usually seen as multiphase, angular or spherical 
particles, with varying crystallographic properties due to the complex alloying system 
involved. [Ref. 5] The composition and role of inclusions in the formation of steel plates 
where melting takes place at or near equilibrium is well understood, but in welding, 
where cooling rates depart greatly from equilibrium, it becomes more difficult to predict 


inclusion behavior. 


a. Deoxidation 


Deoxidation is the process of removing oxygen from the weld pool. This 
is performed by introducing elements into the weld pool, either from the base metal, or 
the consumable electrode/flux, or both, that react with oxygen to form non-metallic 
(oxide) inclusions. This reduces the amount of dissolved oxygen within the weld. Strong 
deoxidants like aluminum and titanium react to form oxides such as Al»O3, TiO, TiO», 
and Ti2O3 respectively. Some of these oxide inclusions are favorable nucleation sites for 
acicular ferrite. Other weaker deoxidizers like silicon and manganese have also been 
observed in inclusions as $102 and MnO, and have been found to be favorable sites for 


acicular ferrite formation. 


b. Desulfurization 


Sulfur 1s extremely undesirable in steel weld metal because it reacts with 
iron to form FeS. Due to low surface tension of FeS, it forms a film along steel grain 
boundaries, and thus greatly reduces a steel weld metal’s resistance to solidification 
cracking. [Ref. 1] To prevent this, manganese levels in the weld are maintained high 
enough to ensure a Mn:S ratio of at least 12:1 so that MnS forms instead of FeS. This 
improves solidification cracking resistance and strength because the MnS has a high 
melting point, and a globular morphology. MnS does not wet the entire grain boundaries 
of the steel. Instead it forms globules along the grain boundaries, and has been observed 
as caps on the surface of non-metallic inclusions. Copper can also react with sulfur to 


form CuS and Cu2S which do not significantly affect the resistance to solidification 


cracking, and which also appears as caps on the surface of inclusions, or as particles 


inside inclusions. 


D. SCOPE OF PRESENT WORK 


The Naval Surface Warfare Center, Carderock Division has done significant 
research aimed at understanding the factors that determine the strength and toughness in 
high-strength low-alloy steel welds, and to quantify these factors using regression 
analysis methods. [Ref. 15] Their research included fifty-two welds that were fabricated 
using seven different solid weld wires and the GMAW process (spray or pulsed) with a 
shielding gas of 95% Ar and 5% CO). Since microstructural features are difficult to 
measure and correlate with mechanical properties, the 50% transformation temperature, 
which can be experimentally obtained, was used to correlate with mechanical properties. 
A model for determining the 50% transformation temperature was developed based on 
the cooling rate, weld metal carbon, molybdenum, nickel contents, and the ratio of the 
weld metal silicon to oxygen contents. A model was also developed to predict the prior 
austenite grain size based on the weld metal oxygen, molybdenum, and nickel contents. 
It was observed here that on passing through Tso = 510°C, the dependence of the prior 
austenite grain size on the above elements changes, and therefore two models were 
needed. [Ref. 15] 

The two models above were used to develop models for strength and toughness of 


the weld metal. Again, there was a change in the behavior of the models at a Ts9 of about 
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510 °C. It was determined from these results that at T59 < 510°C, the microstructure 
contained significant amounts of martensite, whereas for Ts, > 510°C, there was not 
much martensite present. Additionally, it was determined that the 50% transformation 
temperature is a good indicator of the microstructure type and this was successfully 
correlated with the weld deposit strength. The details of these models will be discussed 
in the Results and Analysis section. 

Ten of the fifty-two weldments will be studied in the present work in order to 
correlate the microstructure, and the average non-metallic inclusion diameter and volume 
fraction with the strength and toughness of the weld. The chemical composition of the 
non-metallic inclusions and the metal-inclusion interface will also be analyzed in order to 
shed additional light on how the inclusions affect the microstructure and the mechanical 
properties of the weld. This data will also be used to try and understand the scientific 


basis for the model developed by NS WC. 


HI. EXPERIMENTAL PROCEDURE 


A. SAMPLE PREPARATION 


Ten polished and etched samples were received from NSWC encased in epoxy 
mounts. They also had surface indentations that resulted from micro-hardness testing. 
The samples were ground on a Struers Knuth-Rotor-3 grinder using Buehler 600 and 
2400 grit wet/dry silicon-carbide grinding discs. They were then polished on an Ecomet 
4 variable speed grinder-polisher using Buehler micro-cloth and Buehler Metadi 3 micron 
and 1 micron water based diamond suspensions. The samples were cleaned with a soap- 
water mixture in between grinding/polishing, and were soaked in an ultrasonic acetone 
bath after final polishing to ensure cleanliness. 

For optical microscopy, the samples were etched with Nital (5% Nitric acid, 95% 
Methanol) for ten seconds and rinsed in methanol. For scanning electron microscopy, the 
polished samples had to be painted with a silver suspension to allow proper grounding 
and prevent electrically charging the samples. This was required since the epoxy mounts 
are non-conductive. 

Carbon replicas of all ten samples were made in order to analyze the chemical 
makeup of the non-metallic inclusions without interference from the weld metal. The 
samples were deep etched in Nital (5% Nitric Acid 95% Methanol) for 20 seconds and 
then coated with carbon using a No. 12560 EFFA Mk II Carbon Coater. Two strands of 


carbon fiber were used with a working distance (distance from the fibers to the sample 
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surface) of 3 cm. The mechanical pump was used to draw a vacuum of 200 millibars. 
Each sample was flashed 3-5 times, resulting in a bluish-gold color representing a 
thickness of about 20 nm. Three-millimeter square sections were scribed into the surface 
of each sample, and they were again deep etched in Nital until the carbon coating began 
to lift off of the sample. One three-millimeter square carbon layer was lifted out of the 
Nital using a flat tipped instrument, and placed in a 5% Acetone, 95% water bath. The 
acetone bath straightened out the carbon film due to surface tension effects. The carbon 
films were lifted out of the acetone bath using 200 mesh copper grids. Previous work 
used nickel grids because of the possibility of copper-sulfide being present in the 
inclusions, but the sulfur content in nine of the ten samples was at or below the soluble 
limit (0.003 wt%) [Ref. 12] of sulfur in steel, so it was not deemed a necessary 
precaution. The grids with the samples were then dried for about 30 minutes under a 40- 


watt desk lamp and placed into a sample holder. Figure 3-1 steps through the carbon 


extraction replica procedure. 


Bulk Etch 
sample surface 











“ : » 
hae 4 oe x 428 
he R75 “ee we Lee fh brits ~‘ CoOT mc FaNaslie . 
“4, beet 5° Pat og et RE OR 4 nse % hea PA tae Bag 
: Latent hE BSAC Sat Robie Ryan kao fray i pak oot ee oie Ke: PES ees 
> A A: CS Saddl tht CGS Cane <0 wh 5 fas po a ae s ee + a SS; G at 
re. Oe Ee ate 5 - ee, w~, "3 


7 < c¢ 
Pees oka Se 









Sito ee 





tee 
oe 
» 


ISS Sts. rea $e? 
afte SI IUE 24 ge Cy 

(er ara age ya fitee ve is eS, yaks Cae) 

POF ei pax rae) A a 

ee eae an ee ENCE Se 


Remove bulk 


Coat 





Figure 3-1: Extraction replication. Particles embedded in the matrix are 
revealed by etching; a thin amorphous carbon film is evaporated over the 
particles; the rest of the matrix is etched away leaving the particles 
adhering to the carbon film. [Ref. 16] 
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One sample was selected to produce a thin foil sample from (PD 21092 S1) for 
analysis in the transmission electron microscope. To start with, this sample was removed 
from its epoxy mount, and a 700-micron section was removed from it. The section was 
then thinned to about 10-15 microns using the Struers Knuth-Rotor-3 grinder and Buehler 
320, 500, 1000, and 4000 grit wet/dry sandpaper. A 3-mm sample was removed from the 
section using a punch. This sample was electro-polished using a twin jet model 110 
electro-polisher until it developed a tiny hole in the center (the metal near the hole is 


thinned to only a few atoms thick and 1s suitable for transmission electron microscopy). 


B. OPTICAL MICROSCOPY 


HE Microscope Description 


A Jenaphot 2000 Reflected-light Photomicroscope was used to obtain optical 
images of the etched samples. It is an inverted-type (sample is placed on top of the 
specimen plate and faces down), bench top, high precision microscope with a tilting 
binocular head for viewing height adjustment. It has a motorized objective lens system 
that allows changing of objectives independent of the objective's working distance. A 
high-resolution video camera was used to capture images of the samples using Semicaps 
Genie 1.0 Desktop Imaging System. Figure 3-2 shows the layout of the microscope and 


imaging system. 


Dee Point-Count Method 


Ten random photo images from the center of the fusion zone (Charpy sample) of 
each sample were captured at 500X in order to determine the amount of acicular ferrite 
present. The final weld passes were not included in the samples because they may 
contain more acicular ferrite than the rest of the weld since none of it 1s reaustenitized 
and it is from multi-pass regions from the center of the weld from which the mechanical 
properties data were obtained. These images were printed as 4.5 inch by 6 inch 
photographs on a Hewlett-Packard 870 Cse Professional Series printer. These 
photographs were used to determine the percent acicular ferrite (AF) in each sample 
using ASTM standard E 562-89 as a guide. The ASTM standard was not followed in 
choosing the number of grid points per volume fraction being analyzed, or in statistical 
analysis. [Ref. 17,18] Each photograph was overlaid with a grid of 63 points resulting in 
a total of 630 points for each sample. The percent acicular ferrite was determined by 
dividing the number of points that fell on top of acicular ferrite by the total number of 
points. 

The following binomial equation was used to calculate the standard deviation in 


lieu of ASTM Standard E 562-89: 


2 


= p(l— p)/n (3.1) 


where, o = standard deviation 
Pp = proportion of phases being analyzed 
n = number of grid points [Ref. 18] 
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Figure 3-2: Jenaphot 2000 Reflective-light Photomicroscope and 
Figures 3-3 and 3-4 show photomicrographs of representative fusion zone 


microstructure that were used to determine the percent acicular ferrite present. Table 3-1 


shows the percent acicular ferrite (%AF) and the standard dev 


Figure 3-3: Representative fusion zone microstructure PD 21150. 
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Figure 3-4: Representative fusion zone microstructure PD 21251 S2. 
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Table 3-1: Weld metal acicular ferrite percentages 
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Ce SCANNING ELECTRON MICROSCOPY 


I. SEM Overview 


All ten samples were analyzed in a Topcon SM-510 Scanning Electron 
Microscope (SEM). Figure 3-5 shows the layout of the SEM and Figure 3-6 shows a 


schematic of a typical SEM. 





Figure 3-5: Topcon SM-510 Scanning Electron Microscope. 


The microscope consists of an electron gun, condenser lenses, scanning coils, 
objective lens, collector, photomultiplier and amplification circuit, and the display. The 
electron gun consists of a filament that emits electrons when heated. These electrons are 


condensed into a tight beam by the condenser coils. The electron beam is rastered over 


the sample surface by the scanning coils. The objective lens is used to focus the electron 


beam on to the sample. 
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Figure 3-6: Schematic of a typical SEM. 


When the electrons impact the sample surface, several things happen. First, some 


of the high-energy electrons bounce off of the sample, or backscatter. The electron beam 


can also knock electrons that were orbiting atoms out of their orbits and free from the 


atoms. These electrons are secondary electrons and have lower energy than the incident 


beam. The incident beam can also interact with atoms to raise their electrons to higher 


orbital shells. When the electrons drop back down to their lower energy states, either x- 
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rays are emitted or the energy is transmitted to a neighbor electron that breaks free from 
the atom (Auger electrons). Figure 3-7 displays the typical reactions that take place in an 
SEM. Figure 3-8 shows a schematic of the area of interaction of electrons in a thick SEM 
sample. 

The collector (positively charged to attract the low energy electrons in the 
secondary electron mode, and negatively charged to prevent saturation with high-energy 
electrons in the backscatter mode) collects backscattered and secondary electrons. The 
current is converted to light pulses and amplified in the photomultiplier and amplification 
circuit. This light signal is used to adjust the brightness of an oscilloscope spot that is 
synchronized with the electron beam at the sample surface. The image is displayed on an 
oscilloscope screen. The x-rays and Auger electrons can be collected to give information 


on the chemical composition of the sample. 
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Figure 3-7: Electron interactions in an SEM sample. [Ref. 18] 
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Figure 3-8: SEM bulb of interaction. [Ref. 19] 





Ze SEM Procedure 


One hundred random secondary electron images of each sample were captured 
using the Link Isis and Link Tetra software on a 486/DX2 computer. The SEM was 
operating at 20KV with a 28mm working distance and a magnification of 5000X. 
Secondary electrons were selected because they emerge from nearer the surface than 
backscatter electrons, providing a more two-dimensional image that is required for area- 
fraction determination (see Figure 3-8). The use of backscattered electrons would 
produce a more three-dimensional image, and would not give an accurate area-fraction. 
These images were used to determine the average diameter and volume fraction of non- 
metallic inclusions for each sample. Figures 3-9 and 3-10 show typical SEM images of 


two different samples (PD 21150 and PD 21251 S82). 
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ah Diameter and Volume Fraction 


The diameters of the non-metallic inclusions were measured using Microsoft 
Publisher's built-in measuring tool. A mean inclusion diameter and standard deviation 
were calculated using Microsoft Excel. 

The volume fraction was assumed to be about the same as the area fraction. This 
is a valid assumption only when the probability of looking at any plane in the sample is 
the same (i.e., the probably of polishing any plane in the sample is the same). [Ref. 20] 
The volume fraction was determined by calculating the area of each inclusion (A = 2ar), 
adding up the areas of all of the inclusions in a field, and dividing the sum by the total 
area of a field (429.4um). A mean volume fraction was calculated by averaging the 
volume fractions of all of the fields for each sample. Appendix A shows the volume 
fractions and mean diameters of non-metallic inclusions, and appendix B shows the 


distributions of the non-metallic inclusion diameters (histograms). 
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Figure 3-9: Typical SEM image (PD 21150) 
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Figure 3-10: Typical SEM image (PD 21251 S2) 


D. TRANSMISSION ELECTRON MICROSCOPY 


i TEM Overview 


The carbon extraction replicas (see sample preparation) were analyzed in the 
Topcon 002B TEM operating at 200K V. Figure 3-11 shows the Topcon 002B TEM. The 
TEM operates similarly to the SEM, except that higher spatial resolution can be achieved 
(0.18 nm [Ref. 21]) because the higher energy electrons have a shorter wavelength and 
thin samples are used. 

The TEM consists of an electron gun, condenser lenses, sample holder, objective 
lens, objective aperature, SAD aperature, intermediate lens, projector lens, and a 
fluorescent viewing screen (see Figure 3-12). As with the SEM, the electron gun emits 


electrons upon heating, and the condenser coils condense the electrons into a fine beam 
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or probe. The sample is mounted above the objective lens, since the electrons that are 
used to display the image go through the sample. This is different than the SEM where 
the electrons were collected on the same side of the sample as the incident beam. Figure 


3-13 shows typical TEM thin foil electron interactions. 
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1: Topcon 002B Transmission Electron Microscope. 
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Below the objective lens, there are two apertures: the objective lens aperture and 
the Selected Area Diffraction (SAD) aperture. These apertures allow viewing an image 
of the sample, or the diffraction pattern of a selected area of the sample depending on 


their positions. Electron diffraction is useful in determining crystallographic orientation. 
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Figure 3-12: TEM schematic projecting a (a) diffraction pattern and (b) 
image. [Ref. 16] 
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Figure 3-13: TEM thin foil electron interactions. [Ref. 16] 


Pe Energy Dispersive X-ray Spectroscopy (EDX/EDS) 


As seen in Figure 3-13, and as explained in SEM overview, characteristic x-rays 
result when electrons interact with elements. These x-rays can be counted using a lithium 
drifted silicon (LiS1) detector. The detector generates voltage pulses that are proportional 
to the energy of the x-ray. The pulses are processed and analyzed and displayed using ES 
Vision 3.1] as intensity (counts) vs. energy level. Because the x-rays have characteristic 
energy levels, the elements that produce them can be determined based on the energy 
levels of the peaks in the display. The fraction of each element that is present can also be 
determined based on the intensity. Smallman gives the relationship between the 


intensities of two elements A and B as: 


ia pe TELE 4 l (3.2) 


A 
= 
Ny 1pQO 4D 4447) 4 ls 
where, n = number of atoms 
O = ionization cross sections 
@ = fluorescent yields 
a = fraction of K lines collected 
y = detector efficiencies [Ref. 19] 
Equation (3.2) is the basis for EDX quantification. Kap is known as the Z-correction and 
contains the factors needed to correct for atomic number differences. [Ref. 19] 
The EDX graph must be corrected for background radiation. This is done by 
selecting background energy windows and using a second order polynomial background 
correction scheme that is built into the software. The other corrections that are done 


during quantification are for sample thickness and density, which were assumed to be 100 


nm and 4.414 grams per cubic centimeter (average of the densities of MnO and S102), 
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respectively. Figure 3-14 shows a typical EDX spectrum. Appendix C shows inclusion 
chemistry data for each sample. 

ES Vision 3.1 can also be used in conjunction with the TEM to produce a 
qualitative map of an inclusion, showing the distribution of elements in the inclusion. 
This is qualitative only, but can be used as a tool to estimate what compounds are present. 
Figure 3-15 shows an EDX map of two non-metallic inclusions in close proximity of 


each other (from sample PD 21251 S2). 


oO Thin Foil Sample 


The thin foil sample (PD 21092 S1) was analyzed in the TEM to determine the 
microstructure. The TEM was operating at 200K V with a magnification of 24000X. The 
microconstituents of concern are lath ferrite, acicular ferrite, and martensite. These 
microstructures are difficult to see in the optical microscope because of their fineness, but 


they are easy to identify in the transmission electron microscope. 
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Figure 3-14: Typical EDX spectrum (PD 21251 $2) 
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Figure 3-15: EDX mapping of two non-metallic inclusions (PD 21251 S2) 


E. 


ERROR 


The error bars on all graphs are based on the following equations, which were 


used to calculate the 95% confidence intervals for large (>30) or small (<30) sample 


S1ZeS: 


where, 


Pas) 





a nd ie, = 
lad 1G 
eS: 
=xtt— 
lead a,y Jn 


ye = true mean value 


x = calculated mean value 

S, = standard deviation 

n = sample size 

a=l-c 

v = (n-1) degrees of freedom 

t = distribution, small size [Ref. 6, 22] 


(3.3) 


(3.4) 


IV. RESULTS AND ANALYSIS 


A. WELD METAL MICROSTRUCTURE 


The microstructure within the multi-pass welds consists of varying amounts of 
grain boundary ferrite, polygonal ferrite, acicular ferrite, lath ferrite, and martensite. 
Blackburn determined that the progression from large grained polygonal ferrite (Figure 3- 
3) to a very fine martensitic structure (Figure 3-4) correlates to a decrease in the 50% 
transformation temperature. He also found that martensite was only present in significant 
amounts in samples that have a Ts) < 510°C. [Ref. 15] 

A similar relationship can be seen between the percent acicular ferrite in the weld 
metal and the 50% transformation temperature. Figure 4-1 shows that as Ts9 increases, 
the percent acicular ferrite decreases. This can be explained using Blackburn's model for 
predicting the 50% transformation temperature, which depends on cooling rate, and 
carbon, nickel, and molybdenum concentrations. [Ref. 15] Higher cooling rates suppress 
primary and Widmanstatten ferrite in favor of acicular and granular ferrite as shown in 
Figure 2-3. The vertical lines are lines of constant cooling rate, and the cooling rate 
increases to the left. Alloying elements like nickel and molybdenum shift the continuous 
cooling transformation curves to the right, allowing acicular ferrite and granular ferrite to 
form over a wider range of cooling rates, and making primary ferrite and Widmanstatten 


ferrite less likely (Figure 4-2). 
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Acicular ferrite is not believed to directly contribute to toughness in multi-pass 
regions of ultra-low carbon steel welds performed using the GMAW process and ultra- 
low carbon filler wire because, as shown in table 3-1, the amount of acicular ferrite 
present in the weld metal is very low. However, multi-run regions may have had a higher 
acicular ferrite content before reaustenitization and thus a finer microstructure. Even 
without significant amounts of acicular ferrite, all of the samples except PD 21150 met 
the MIL-100S requirements for strength and toughness. [Ref. 3] 

Sample PD 21150, which has the lowest strength and toughness, had the largest 
prior austenite grain size, highest oxygen content, and slowest cooling rate. These factors 
result in a microstructure that consists mostly of coarse polygonal and grain boundary 


ferrite without any appreciable martensite. 
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Figure 4-1: Percent acicular ferrite vs. 50% transformation temperature. 
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Figure 4-2: CCTD for low carbon, low alloy steel. [Ref. 1] 


B. NON-METALLIC INCLUSIONS 


if Non-Metallic Inclusion Size and Volume Fraction 


If the non-metallic inclusions are not responsible for forming significant amounts 
of acicular ferrite in the welds studied, it would be desirable to minimize the size and 
volume fraction of these since they are responsible for the nucleation of cleavage cracks 
in brittle failure, or the nucleation of voids during ductile failure. All of the samples have 
a very small mean inclusion diameter (<< 0.3 um) and a small volume fraction of 


inclusions (<< 0.12 %). To try and understand how this goal was achieved, the 
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dependency of inclusion size and volume fraction on weld chemistry and heat input must 
be understood. 

It has been shown in previous work that increasing cover gas oxygen content will 
increase weld metal oxygen content which will 1n turn increase the average non-metallic 
inclusion size (diameter) and volume fraction. [Ref. 6] This is believed to be due to the 
fact that more oxygen is available for deoxidation reactions during welding resulting in 
more oxides (non-metallic inclusions) of larger size. Figure 4-3 shows that the average 
diameter of inclusions increases with increasing oxygen content in the weld metal. This 
figure contains a lot of scatter, which is believed to be due to the non-equilibrium 


conditions associated with welding. 
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Figure 4-3: Non-metallic inclusion mean diameter vs. weld metal oxygen content. 


Figure 4-4 shows that the volume fraction of inclusions increases with increasing 


oxygen content in the weld. In the case of volume fraction, it 1s easy to see a segregation 
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of the data, which may or may not be significant as the error bars are rather large. In 
Figure 4-4, HSLA-100 samples are represented by the HSLA-100 series while HSLA-80 
samples are represented by both the HSLA-80 and HSLA-802 series. The HSLA-100 
samples have lower inclusion volume fractions than HSLA-80 samples. The interesting 
thing to notice is that the HSLA-100 and HSLA-802 series both form linear trends with 
very good curve fitting, and that these two trends are almost parallel. Samples PD 21242 
and PD 21255 had higher volume fractions of inclusions than is predicted by the trend 


represented by the rest of the HSLA-80 samples. 
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Figure 4-4: Non-metallic inclusion volume fraction vs. weld metal oxygen content. 


The non-metallic inclusion size and volume fraction also show a dependence on 
the amount of deoxidants present in the weld metal. Since aluminum, titanium, and 


silicon are the three strongest deoxidants present, they were the only ones considered. 


Figure 4-5 shows the dependence that the inclusion mean diameter has on the sum of the 
weight percent of titanium and aluminum in the weld metal. This graph shows the same 
type of segregation between HSLA-80 and HSLA-100, and two trends can be seen. 
According to the figure, the inclusion size reaches a minimum value around 0.011 wt% 
Ti + Al. If the titanium and aluminum are separately graphed against inclusion size, they 


both demonstrate trends similar to Figure 4-5 (both show a local minimum). 
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Figure 4-5: Non-metallic inclusion mean diameter vs. weld metal Ti and Al content. 


Figure 4-6 shows that the volume fraction of non-metallic inclusions decreased 
linearly with an increase in the sum of the weld metal titanium and aluminum 
concentrations. Again, the same segregation that was present in Figures 4-4 and 4-5 can 
also be seen here. The volume fraction does not reach a minimum value, at least in the 


range that the samples represent. This indicates that to minimize the volume fraction of 
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inclusions, increasing the amounts of titanium and aluminum in the weld metal is 
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Figure 4-6: Non-metallic inclusion volume fraction vs. weld metal Ti and Al content. 


Figure 4-7 shows that the non-metallic inclusion size and volume fraction both 


decrease with increasing silicon concentration in the weld metal. Segregation between 


HSLA-80 and HSLA-100 is not observed in this case. 


Since the concentrations of aluminum and titanium in the weld metal had different 


affects on the inclusion size and volume fraction, the affects of the inclusion size and 


volume fraction on the weld metal toughness were examined to try to determine which 


had more of an effect on toughness. Due to the scatter in the data, which almost certainly 


occurs because of the very small inclusion sizes and volume fractions, definite trends 


were not obtainable from the data. It has been shown by Blackburn et al. [Ref. 23] that 


increasing the inclusion size and the inclusion volume fraction both result in lowering the 
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toughness of the weld, but they did not indicate whether volume fraction or inclusion size 
had a stronger effect. It appears from Figure 4-7 that increasing the silicon concentration 
in the weld metal (at least over the range analyzed) will help minimize the non-metallic 


inclusion size and volume fraction. This is to be expected as silicon is also quite a strong 









deoxidant. 
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Figure 4-7: Non-metallic inclusion size and volume fraction vs. weld metal silicon 
concentration. 

The non-metallic inclusion size and volume fraction also depend upon the heat 
input and plate thickness. It is convenient to reduce these two parameters in to a single 
parameter that represents both, for example, cooling rate. Cooling rate can affect the 
inclusion size and volume fraction because it determines the amount of time that 
deoxidation reactions can occur. If less time is allowed for the inclusions to form, it only 
makes sense that there would be smaller inclusions and a smaller volume fraction. 


Another consideration is the time that larger inclusions are allowed to float out of the 
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weld pool and be trapped in the slag on top of the weld. This would tend toward larger 
inclusions trapped in the weld metal, which is not seen in any of the samples. Figure 4-8 
shows that the mean inclusion diameter does in fact decrease with increasing cooling rate. 
Figure 4-9 shows that the inclusion volume fraction also decreases with increasing 
cooling rate. The scatter in these graphs can again be contributed to non-equilibrium 
conditions during welding. There is something else of interest in these two figures. The 
data is again segregated into regions associated with the HSLA-80 and HSLA-100 
samples, but appears in this case to be associated with the cooling rate, which depends on 
the welding parameters and the plate thickness, not on the type of steel (HSLA-80 or 
HSLA-100). The fact that the cooling rate is higher for the HSLA-100 samples can be 
attributed to the thicker plate that was used as well as differences in the heat input. It is 
possible that these differences are responsible for the segregation between HSLA-80 and 


HSLA-100 data that was seen previously in Figures 4-4 through 4-6. 
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Figure 4-8: Non-metallic inclusion mean diameter vs. cooling rate. 
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Vf vs. dT/dt 
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Figure 4-9: Non-metallic inclusion volume fraction vs. cooling rate. 


2. Energy Dispersive X-Ray Analysis (EDX) 

The non-metallic inclusion chemical compositions obtained by energy dispersive 
X-ray analysis were used to determine the relationship between inclusion chemistry and 
inclusion diameter and volume fraction in the weld metal. The most common elements 
found using EDX analysis were titanium, aluminum, silicon, manganese, oxygen, copper, 
sulfur, and iron. Iron was determined to have been lifted from the base metal along with 
the inclusion, and was not quantified. Copper was not quantified because the carbon 
extraction replica samples were on copper grids and sulfur was not quantified because it 
was seen in EDX spectrum imaging to only be present with the copper. 

The relationships between weld metal titanium, aluminum, and_ silicon 


concentrations and the inclusion size and volume fraction have already been discussed. 
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Now, the relationships between the inclusion titanium, aluminum, and _ silicon 
concentrations and the inclusion size and volume fraction are addressed. The mean 
inclusion size appears to decrease with increasing titanium, but data scatter makes it 
difficult to say for sure. The volume fraction also decreases with increasing amounts of 
titanium in the inclusions. Figure 4-10 shows these trends. Trends with inclusion 
aluminum concentration could not be determined because of excessive data scatter. A 
decrease in inclusion size and volume fraction would be expected for increased amounts 
of deoxidation by stronger deoxidants [Ref. 13] Silicon has the opposite effect. The 
inclusion size and volume fraction both appear to increase with increasing silicon 
concentration in the inclusions. The manganese content of the inclusions also follows 
this trend, as expected. This trend is expected since the amount of silicon in the inclusion 
increases as the amounts of titanium and aluminum in the inclusions decrease (the total 
must equal 100%). Figure 4-11 shows these results. 

Qualitative analysis was also performed using the EDX spectrum imaging 
technique as shown in Figure 3-15. The technique was used to gain understanding about 
where elements are concentrated in an inclusion, and is useful in predicting the possible 
compounds that are present in an inclusion. The EDX image in Figure 3-15 shows that 
copper and sulfur are found together (the bright patches show areas where the elements 
are, but the scattered areas indicate insignificant amounts of the elements in that area). 
This is probably in the form of copper-sulfide (CuS or Cu2S), which forms as caps on 
inclusion surfaces. Manganese is essentially uniformly distributed throughout the 
inclusions, and since sulfur does not appear to be combined with the manganese, it exists 
as the oxide (MnO). Titanium does not occur in the same places in the sample as silicon 
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and aluminum, and aluminum and silicon do not appear where there is titanium. This has 
been seen in previous work as well, but recent research has also documented what is 


believed to be a compound consisting of titantum-oxide and alumina when deoxidation 


with manganese and silicon does not occur. [Ref. 13, 24] 
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Figure 4-10: Inclusion mean diameter and volume fraction vs. inclusion titanium 


concentration. 
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NON-METALLIC INCLUSION MEAN DIA. AND Vf VS. INCLUSION Si 
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Figure 4-11: Inclusion mean diameter and volume fraction vs. inclusion silicon 
concentration. 

The EDX spectrum imaging indicates that the inclusion is a multiphase particle, 
consisting primarily of two separate phases (not counting the CuS). The first phase, that 
contains titanium, manganese, and oxygen, is most likely a compound of titanium-oxide 
and manganese-oxide (T10-MnO or Ti02-MnO). The second phase appears to be a 
compound consisting of manganese-oxide, alumina, and silica (probably an Al,03-MnO- 
SiO2 ternary phase). Figure 3-15 is a typical representation of the phases and compounds 
that are present in all of the inclusions. The spectrum imaging also indicates that the 
titanium rich phase appears to be in the center of the inclusion, and is surrounded by the 
other phase. As already stated, the copper-sulfide usually forms caps on the surface of 


the inclusions. 
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3. TEM Thin Foil Sample 


As stated in Chapter III, the purpose of analyzing a thin foil sample was to obtain 
micrographs of the typical microstructures present. The sample (PD 21092 S1) that was 
analyzed has a Ts59 of 470°C, which means that some martensite is expected. As was 
stated earlier, optical microscopy revealed mostly a granular ferritic microstructure with 
about 15% acicular ferrite. The thin foil sample was taken from an area that appears to 
be mostly martensite, with some acicular ferrite as well. 

Figure 4-12 shows a STEM image of an inclusion with what appears to be 
acicular ferrite, surrounded by martensite (the ferrite plates are lighter than the 
martensite). Figure 4-13 shows a STEM image of lath ferrite and lath martensite. The 
ferrite is again the lighter area, while the martensite, which has a higher dislocation 


density, is the darker laths, and the dark regions between laths is retained austenite. 





Figure 4-12: STEM image of an inclusion that nucleated acicular ferrite. 
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Figure 4-13: STEM image of martensite plates. 


c: MECHANICAL PROPERTIES 


It is extremely important to relate the microstructure and the non-metallic 
inclusion size and volume fraction to the strength and toughness of the weld metal. This 
is, in fact, the purpose of this research. The microstructure very simply relates to the 
strength and toughness of the weld. A finer microstructure should result in higher 
strength, and usually results in higher toughness, as well (the addition of alloying 
elements will lead to higher strength but lower toughness). This is why grain boundary 
ferrite has low strength and high toughness while martensite has high strength and low 
toughness. Figure 4-14 indicates that the strength is increased by increasing amounts of 
acicular ferrite and this increase 1s probably also reinforced by the fact that increasing 
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amounts of acicular ferrite results from increased cooling rates so that the overall 
microstructure is finer. The Charpy impact toughness of the samples appears unaffected 
by the acicular ferrite content and this is not surprising considering the small amounts of 
this finer microconstituent that is present in each one. 

The strength and toughness are also likely to be affected by the non-metallic 
inclusion mean diameter and volume fraction. The strength should increase with 
increasing inclusion size and with increasing inclusion volume fraction. This, however, 
is not observed directly. Figure 4-15 indicates that strength decreases with increasing 
inclusion diameter and Figure 4-16 shows that strength decreases with increasing 
inclusion volume fraction. The fact that the strength is not increasing with increasing 
levels of inclusions is believed to be due to the alloying content and thus the 
microstructure. The microstructure, as already stated, goes from coarse polygonal ferrite 
to fine martensite as Tso decreases. Figure 4-17 indicates that the inclusion size and 
volume fraction decrease as Tso decreases, and is due to decreasing cooling rate (equation 
4-1). Therefore, the matrix microstructure appears to have a more frriiaaat ellecion 
strength than the inclusion size and volume fraction. 

The non-metallic inclusion diameter and volume fraction both decrease with 
increasing cooling rate (Figures 4-8 and 4-9). The strength decreases with increasing 
inclusion size and volume fraction. These two trends indicate that the strength should 
increase with increasing cooling rate. This is seen to be true in Figure 4-18. Figure 4-18 


also show that cooling rate has no affect on the toughness. 
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Figure 4-15: Strength and toughness vs. inclusion mean diameter. 
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Figure 4-16: Strength and toughness vs. inclusion volume fraction. 
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Figure 4-17: Inclusion size and volume fraction vs. T50. 
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Figure 4-18: Strength and toughness vs. cooling rate. 


| MODELS OF MECHANICAL PROPERTIES 


Joe Blackburn, NS WC Carderock Division, used regression statistics to model the 
50% transformation temperature, the prior austenite grain size, the yield strength, the 
ultimate tensile strength, and the -60 C Charpy impact toughness. [Ref. 15] Equations 4.1 


through 4.7 are the results of the modeling. 


T50=780-13In(dT/dt)-1266C-56Mo-45Ni-3.6(Si/O) (4.1) 
Yew=3 1+6872(O) T5092 510°C (4.2) 
Yew=241+15(Ni)*-434(Mo) T50<510°C (4.3) 


6y=1297+142-1.2Ts9-0.48 yeu (4.4) 

Outs=1332-].38T59+61 CdT/dt Te57 51026 (4.5) 

Suts=890-0.48T 59 Ts59<5 10°C (4.6) 

In(CVN)=-0.16z+0.47In(dT/dt)+3 .8(6y/Guts)+0.06(S1/O)-0.45(CdT/dt) (4.7) 
where, 

dT/dt = calculated cooling rate at 538°C (°C/s) 

Tso = 50% transformation temperature (°C) 

z = plate thickness (cm) 

C, Mo, Ni, O = concentrations of associated elements in weld metal (wt%) 

Oy 5 Outs = 2% offset yield strength, ultimate tensile strength (Mpa) 

It is easy to explain the factors affecting the Tso. The cooling rate has a negative 
effect in that as the cooling rate increases, the transformation from austenite to the lower 
temperature microstructure 1s suppressed, and the Tso decreases. Increasing the alloy 
content and/or decreasing the oxygen forces the curves of Figure 4-2 to the nght, which 
also suppresses the Iso. The dT/dt and the Si/O terms both include the effect of non- 
metallic inclusions. The size and volume fraction of inclusions decrease as cooling rate 
increases (Figures 4-8 and 4-9). The size and volume fraction of inclusions also decrease 
as the ratio of silicon content to oxygen content in the weld metal increases (Figure 4-19). 
Both of these factors should result in decreasing the Ts). when inclusion size and/or 


volume fraction are increased. Figure 4-17 indicates that the opposite trends may occur, 


but it is difficult to be sure as the error bars are somewhat large. 
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INCLUSION SIZE AND VOLUME FRACTION VS. Si/O 
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Figure 4-19: Non-metallic inclusion size and volume fraction vs. weld metal silicon to 
oxygen ratio 

It is apparent that silicon content is more significant than aluminum or titanium in 
this model, but aluminum and titanium are stronger deoxidizers than silicon. One 
possible explanation for the significance of silicon 1s that it is present in significantly 
higher percentages than aluminum and titanium. Therefore, the oxygen reacts with the 
two strongest deoxidants, aluminum and titanium, and there is sufficient excess oxygen 1n 
the weld metal to react with the silicon and manganese. EDX analysis showed that, in 
general, there is significantly more silicon than titanium or aluminum in most of the non- 
metallic inclusions. Therefore it is the absence of titanium and aluminum that may make 


the silicon (and manganese) appear as more dominant deoxidants. 
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The prior austenite grain width model will not be discussed in detail in this study, 
since it does not affect the current results, is not required to explain the other models, and 
1s explained in the technical report by Blackburn. [Ref. 15] One thing will be mentioned, 
though. Two equations are required to capture the nature of grain width. One of these 
equations is dependent only on oxygen content, and is valid if Ts is greater than 510°C, 
and the other depends on nickel and molybdenum and ts valid for Tso less than or equal to 
510°C. This separation can be correlated with the microstructure, since it was 
determined that for the latter case, significant martensite is present, but for the former 
case, there 1s not a significant amount of martensite present. 

The yield strength model depends on plate thickness, Ts59, and grain width. It is 
obvious that larger grains lower strength. The plate thickness and the cooling rate (in the 
Tso term) may be an indication of a dependence of the yield strength on the heat input, 
weld bead size, or degree of reheating. The effect of T59 on the yield strength includes 
another component of cooling rate, and also includes the effect of alloying. As the 
cooling rate increases, it 1s again obvious that the strength should increase as well (Figure 
4-17). This is the result of a finer microstructure. The affect of the alloying agents here 
is the same as that described for the Ts9 model. Notice that the yield strength model is 
independent of the presence of martensite. However, this is not the case with the ultimate 
tensile strength. 

The ultimate tensile strength model (equations 4-5 and 4-6), as with the grain 
width model, depends on the presence of martensite. Two equations are required, and the 
validity of each equation changes at 510°C. The model for Ts9<510°C is dependent on 
the Tso, carbon content, and cooling rate. The model for Tsp>510°C depends on just the 


56 


Tso. Again, this can be attributed to the formation of significant amounts of martensite 
forune Psp=510°C. 

The final model to consider is that for toughness. This model predicts the Charpy 
impact energy at a test temperature of —51C (-60F), and is dependent on the plate 
thickness, cooling rate, ratio of yield and ultimate tensile strengths, the ratio of silicon to 
oxygen, and the product of carbon content and cooling rate. All of the terms occur here 
for the same reasons that they occur in the other models except one. This is the only 
model that has the strength ratio term in it. Figure 4-20 shows that the strength ratio 
increases with increasing yield strength, but it appears to level off at about 0.95 and yield 
strength of about 680 MPa. This indicates that the toughness increases with increasing 
yield strength, at least initially. This does not appear to be the result of a finer 
microstructure since the Ts9, which is a good indicator of the fineness of the 


microstructure, does not appear to have an affect on the toughness (Figures 4-21). 
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Figure 4-20: Strength ratio vs. yield strength 
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Figure 4-21: Strength and toughness vs. Tso. 
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Vv. SUMMARY 


A. CONCLUSIONS 


The weld metal microstructures of all of the weld samples consisted primarily of 
granular ferrite, with varying amounts of polygonal ferrite, acicular ferrite, and 
martensite. Although acicular ferrite is the desired weld metal microstructure, it is 
difficult to get significant amounts in ultra-low carbon steel welds using the GMAW 
process and ultra-low carbon consumables. Even with low amounts of acicular ferrite, 
though, all of the samples except one (PD 21150) met the strength and toughness 
requirements of MIL-100S. The one sample that failed to meet the required strength 
appeared to do so mainly due to the welding parameters (slow cooling rate), which 
resulted in large grains and a large amount of polygonal ferrite. This sample also had the 
highest weld metal oxygen content, which resulted in larger inclusions and a higher 
volume fraction of inclusions 

The 50% transformation temperature has been found to be a good indicator of the 
transition of the microstructure from polygonal ferrite to martensite, and therefore also a 
good indicator of strength. [Ref. 15] The 50% transformation temperature can also be 
used to estimate the amount of acicular ferrite present (see Figure 4-1). 

It is desired to minimize the size and volume fraction of non-metallic inclusions if 
they do not appear to nucleate significant amounts if acicular ferrite. Non-metallic 
inclusion size and volume fraction depend on oxygen, titanium, aluminum and silicon 


concentrations in the weld metal, and titanium and silicon concentrations in the 


SI, 


inclusions. As the oxygen concentration in the weld metal increases, the mean inclusion 
diameter and volume fraction both increase. As the titanium and aluminum 
concentrations in the weld metal increase, the inclusion volume fraction decreases, and 
the mean inclusion diameter decreases to a minimum (at Ti + Al = 0.011 wt%) and then 
starts to increase again. The inclusion size and volume fraction both decrease with 
increasing silicon concentration in the weld metal. The mean inclusion diameter and the 
volume fraction of inclusions also decrease as the titanium concentration in the inclusion 
increases (or as the silicon concentration in the inclusion decreases). 

The inclusion size and volume fraction are also dependent on the cooling rate. As 
the cooling rate increases, both the mean inclusion diameter and the volume fraction of 
inclusions decrease. 

Most of the inclusions were multiphase particles consisting of two primary 
phases. The first phase consists of manganese-oxide and titanium-oxide. The second 
phase, which appears to form around the first, consists of manganese-oxide, silica, and 


alumina. Copper-sulfide caps were also found on the surfaces of some inclusions. 


B. SUGGESTIONS FOR FURTHER STUDY 


It appears that ultra-low consumables have been developed that meet the weld 
strength and toughness requirements of MIL-100S when used to weld HSLA-80 and 


HSLA-100 steel plates with out the need for preheat or interpass temperature controls. 
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Fifty-two weld samples have been analyzed for microstructure and mechanical 
properties, but only a fraction of them have been analyzed for non-metallic inclusions. 
Additional research is required to validate the effect of welding parameters and weld 
metal chemistry on the formation of non-metallic inclusions, and on how the inclusions 
affect the mechanical properties. More data is also required to develop more accurate 
statistical models for predicting the size and volume fraction of inclusions and to 


correlate these models with the models presented by NSWC. 
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APPENDIX A. CHARACTERISTICS OF WELD SAMPLES 


[ [PD 21092 S1| PD 21092 S2| PD 21149 | PD 21150 


WELD ID 
PROCESS GMAW-P GMAW-P 
POSITION VERT VERT 
: HSLA-100 HSLA-100 
cm 9.08 9.08 
ARC-100N | ARC-100N | ARC-100N | ARC-100N 
ne 42 44 
Mpa 726 687 
Mpa ilate: 730 
% 22 22 Zo 26 
% 16 76 ae 16 
CVN @ 0°F Joules 245 229 256 130 
CVN @ -60°F Joules Pal 184 Pd) 78 


°G 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 


470 


0.026 
Ns 
0.28 
0.04 
Z| 
0.48 
0.075 
0.001 
0.002 
0.002 
0.005 
0.0182 
0.0032 


900 


0.028 
le OZ 
0.29 
0.04 
2 if 
0.47 
0.108 
0.001 
0.003 
0.003 
0.005 
0.02 
0.0013 


o20 


0.049 
eZr, 
oez9 
OS 
223 
0.45 
0.13 
0.003 
0.003 
0.011 
0.004 
90213 
0.0058 


950 


0.037 
1.26 
0.29 
0.15 
212 
0.43 
0.13 
0.005 
0.003 
0.002 
0.004 
0.0273 
0.0032 


um NO DATA 134 ks, 229 
INCL MEAN DIA um 0.165988 0.154436 0.240403 0.252872 
INCL DIA STDEV| um 0.04521 0.039257 0:07/90/ 
INCL Vf % 0.0718 Orgy 13 weeo2 | 
INCL Vf STDEV % 0.1093 0.0405 0.1829 


0.083637 
0.1033 
0.0807 


Ti+Al Yo 0.007 0.008 0.015 0.006 
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WELD ID [—«|:« PD 21151 [PD 21151S2| PD21176 | PD 21242_ 


PROCESS GMAW-S GMAW-S 
POSITION FLAT FLAT 
HSLA-100 HSLA-100 
cm 5.08 5.08 
ARC-100N ARC-100N 





ARC-100N | ARC-100N 


INCL MEAN DIA 

INCL DIA STDEV 
INCL Vf 
INCL Vf STDEV 
Ti+ Al 


aC 
Mpa 
Mpa 
% 
% 
Joules 
Joules 
oC 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
um 
um 
um 
% 
% 
% 


oi 


684 
712 
Ze 
1 
224 


185 
910 


wr2Z 
1.4 
O27 
0.04 
2.7 
0.47 
0.078 
0.001 
0.003 
0.003 
0.004 
0.0195 
0.0018 
148 
W235 99.)| 
0.105286 
0.0754 
0.048 
0.007 
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08 
675 
712 

22 

14 
234 


166 
S)1(109 


0.022 
1.41 
O27 
0.03 
2et2 

0.5 

0.091 

0.001 

0.002 

0.002 

0.004 

0.0211 

0.0023 

149 


0.196269 
0.044931 


0.0789 
0.0571 
0.006 


27 
81 
203 
167 
960 


0.044 
1.28 
0.26 
0.14 
2.36 
0.46 
0.235 
0.002 
0.003 
0.001 
0.004 
0.0234 
0.0034 
192 


0.272689 
0.082149 


0.0981 
0.0789 
0.005 


24 


992 

651 
24 
16 

235 


Usis 
918 


0.027 
1.35 
0.25 
0.07 
2.45 
0.47 

0.111 

0.003 

0.002 

0.005 

0.003 

0.0192 

0.0011 

183 
0.22503 
0.062667 

0.0999 

0.0538 
0.008 





Fr a PD 21251 S2| PD 21255 


GMAW-S GMAW-S 
FLAT FLAT 
HSLA-100 HSLA-80 
cm 3) (iS) 1.91 
ARC-100R | ARC-100N 


© 
Mpa 
Mpa 
% 
% 
Joules 
Joules 
as & 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
um 


08 


8/70 

eae 
18 
68 
182 


149 
420 


0.043 
1.63 
0:32 
0.03 
3.08 
0.69 
0.146 
0.002 
0.003 
0.006 
0.01 
0.0156 
0.0022 
94 


18 


086 

651 
24 
al 

265 


234 
910 


0.025 
1.38 
0.26 
0.03 
2.54 
0.48 
0.081 
0.002 
0.001 
0.001 
0.003 
0.0187 
0.0011 
147 


0.253091 
0.067752 


um | 0.202855 
0.056841 


INCL MEAN DIA 
INCL DIA STDEV| um 
INCL Vf % 0.0651 0.1145 
INCLVFSTDEV | % 0.0546 0.0644 
Ti+ Al % 0.016 0.004 
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APPENDIX B. NON-METALLIC INCLUSION SIZE DISTRIBUTION 
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APPENDIX C. NON-METALLIC INCLUSION EDX CHEMISTRY 


The following tables display the chemical information for the non-metallic inclusions that 
were analyzed using EDX analysis in the TEM. Some of the inclusions appeared to 
contain copper and sulfur as well as the elements in the table, but copper was not 
quantified because inaccurate readings would result from using copper grids. The sulfur 
was not quantified because mappings show that when sulfur is present, it is in the 
compound CuS. Since copper was not quantified, doing so to sulfur would not provide 


any useful results. 











[Inclusion | Oxygen | Aluminum | Silicon | Titanium | Manganese 
Ci wa | atte | whe | at% | wi% | at%e | wi% | at% | wi% | ate 






















6* 86.22 | 75.98 | 205 | 1.64 
64.98 
866.98 | 80.91 | 22 | 158 | 1894 | 1305] 5.81 | 2.34 | 6.06 | 2.73 | 
[9 eeat [8167 | 12 | 088 | 154 
77.08 12.45 | 5.87 

20 


Avg. 57.963 | 75.691} 2.006 | 1.57 | 18.36 | 13.663] 8.877 | 3.9735] 12.797 | 5.104 
St. Dev. | 7.7275 | 5.1398 | 0.8606 | 0.6968 | 6.9538 | 4.9738 | 5.6896 | 2.7049 | 7.7237 | 3.3367 
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Tinctusion [Oxygen | Aluminum | Silicon | Titanium | Manganese _| 
i wt | atte | wi% | Atm | why 
[6 | 57.78 7274] 324 | 242 | 29.15 | 209 | 6.05 | 2.55 | 3.78 | 1.39” 
853.42 68.34 | 331 | 263 [35.22 | 25.81 | 362 | 186| 473 177 

9 [5395 172.82 | 2.64 | 2.12 [20.22 | 15.55 | 6.66 | 3.15 | 162 | 637 
126 | ae 168 | 0.78 | 21.35) 861 

3.43 2.82 


61.02 | 74.95 | 2.87 | 2.09 | 2858 2.39 | 0.86 
Avg. | 54.136] 70.921] 3.103 | 2.421 [27.272| 20.39 | 3.992 | 1.752 | 11.481) 4.5035 
St Dev. [5.2701] 4.0426 [2.1442 | 1.7107 [6.0813 | 4.5482 | 1.9734 | 0.8662 [7.1857 | 2.9215 
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Tinclusion | Oxygen | Aluminum | Silicon | Titanium | Manganese 
| wie | at% | wit | Atm 
2.09 | 17 
74 | 1.45 
132 [0 
172 [23.49 | 1922 | 1.66 | 08 | 25.89 | 10.83, 
78_| 237 
10 3.48 | 3.05 | 2279 19.19 
i 3 284 [22.17 | 1799] 55 | 262 | 2169) 9 
12 181 1366.19 


“S| © 
CO 
fi 





NO} NO 
NO 


1.99 21.86 | 8.9 
3.42 | 3.08 31.36 | 13.85 
56) jez 1.47 | 24.88 | 10.79 
19 [1-85 0.89 

17 2_| 28.49 | 21.08 11.45 | 4.33 
18 331 | 6.24 91.05 | 84.2 
19 [| 454 [1316 [43 | 741 [297 [497 | 0 7 0 | 88.19 | 74.52 
20 AVE | 2s |ERe re: 
Avg. | 43.287 [3525.5] 2.383 | 2.436 [22.139 | 17.755 | 2.5205 | 1.2345 

St_Dev. 27.268 | 26.586 
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“inclusion | Oxygen | Aluminum | Silicon | Titanium | Manganese _ 
«i whe ate | wi% | athe | wi | athe | wi | at% | wih | ath 
24.53 | 10.35 
[649.95 68.4 | 257208 [27.59] 2152; 1 046 | 189 7.54 
25.98 17.03 
a [50.62 | 7087 | 225 | 1.86 [21.19 | 1683 | 3.86 1.66 | 2239) 9.09” 
9 [44.97] 658 | 3653.17 | 218 | 1817 403 1.97 | 25.54 1088 
[40 [46.03 | 66.61 | 2.26. 1.94 26.52 | 11.18 
2.33 
56.74 








St. Dev. [4.2523 [3.1215 | 0.9812 [0.9148 | 2.0675 | 1.4530| 1.208 | 0.5967 |4.9625 2.3377 


PD 21151 


TTnclusion [Oxygen | Aluminum | Silicon] Titanium | Manganese 
i wa% | att | wie | ath | wi% | a | wi% | ate | wi% at 
19 | 1.67 | 24.34 | 2054] 1.92 | 0.95 | 282 12.17 
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TInclusion | Oxygen | Aluminum | Silicon | Titanium | Manganese ~ 











id we | at wih | at% 

645.58 66.47 | 09078 
8 | 47.83 68.42 | 1.08 0.92 | 233 1898] 1.56 0.75 | 2623 | 10.95. 
eats 163.53 1.22 1.11 -| 22.78) 19.86] 1.72 0.88 | 32.78 | 14.62 
30.83 13.81 

28.59 12.37 
30.2_| 51.22 6.68 | 3.78 
155 | 0.83 


PD 21176 
"inclusion | Oxygen | Aluminum | Silicon] Titanium | Manganese _| 
dW at [Ww | atte [wh athe | wI% | at% 





65.34 [64.97 | B52 | 7.24 [21.131 17.24] 1.78 | 0.85 | 23.23) 9.60 
21.24 | 17.39 
8 [45.03 | 64.95] B19 | 7 | 2082) 16.86 | 259 | 1.25 
8 [46.16 [66.46 | 652 | S87 | 19.84 | 16.27 | 3.04 | 1.46 | 24.44 | 10.25 
19.57 | 16.37 
3.4075| 1.7 [25.553] 11.112 
12736 [1.2737 12859 / 0.6893 
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Tinclusion [Oxygen | Aluminum | Silicon | Titanium | Manganese 
«dw ate | wI% | at% with | ati 

152 
si 545 | 73.15) 125 | 1 | 222 | 1697 | 463208 | 1741) 68 
635.56 | 60.12 | 167 167 | 13.07 | 1259 | 15.751 89 | 33.95 | 16.72 
1735 6.93 

pe [57.55 72.88) 2.13 16 | 2989 2155] 226 1096 | 817 3.01 
pe 54.99 72.38 | 209 1.63 [25.47 19.1 | 359 1.58 [13.85 ) 5.31 
2.17 | 167 
1.48 


274 11.47 


[ Avg. __| 54.923] 72.097 | 1.697 | 1.3375| 25.064 | 18.781/4.6985| 2.15 [13.617 5.6335 
St Dev. [8.5865 5.1439] 0.535 [0.4542 | 4.6222 | 2.6687 | 2.9388 | 1.6907 | 10.466 | 4.7388 
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[Inclusion | Oxygen [| Aluminum | Silicon | Titanium | Manganese _| 
Cit | at | wt% 7 ate | wt% | at% 
Dore Beem | 1075 | eb on 1473 16.72 








3.32 | 2.81 19.63 | 8.15 

650.78 172.05 | 4.29 | 361 | 12.57 | 10.16 | 13.45 | 6.37 | 1691 | 7.81 
8 8t5t | 73.85 
336.77 | 60.1 
72.73 
73.36 
(73205 67 [31553 | 407 | 6.96 | 153 [15.34 | 75.47 66 

11 
1955) 9.3 
20} 51.06 | 73.08 | 454) 385 | 854 | 696 | 1895) 906 | 169 7.05 
8.661 | 7.4956 24,958 | 13.546 
17.982 16.774 
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inclusion | Oxygen | Aluminum | Silicon] Titanium | Manganese 
Cd wie | atte | wi% | ath | wie | ath | wi | at% 
2 [87.37 | 72.16 | 0.88 | 0.66 [33.05 | 2368 | 6.89 247 | 2.81, 1.03 
0.67 
5 [$2.78 [67.42 | 047 | 0.36 [40.98 2081] 48 | 2.05 | 096 | 0.36 
[6 «85 7035 | 204 | 155 | 32.74 | 2387 [7.13 | 3.05 | 3.09 | 1.18 | 
[8 [59.227 73.76 

i 28.02 
| 4 [0.07 
0.07 

0.39 | 35.93 | 
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3078 1.09 
1858.94 | 741 | 096 071 | 2887 | 2067 | 7a7 3.14 | 376 | 1.38 
ig [58.23 | 72.75 | 058 0.43 | 33.21 | 2363] 5.25219 | 2.73 | 0.90 | 
2081.87 | 88.76 | 2.78) 178 | 15.26] 942 [0 | 0 | O41 


| St Dev. [5.9513 4.288 | 0.6601 | 0.4561 | 6.6596 | 4.8334} 2.9092 | 1.273 | 3.2545 | 1.2622 
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